US009692075B1

a2 United States Patent (10) Patent No.: US 9,692,075 B1

Lee et al. 45) Date of Patent: Jun. 27, 2017
(54) MULTI-LAYERED PROTON-CONDUCTING 8/1007; HO1M 2008/1293; HO1M
ELECTROLYTE 2300/0074; HO1IM 8/126; HO1IM
2300/0094; HO1M 2300/0077; HOIM
(71) Applicant: UCHICAGO ARGONNE, LLC, o _ 8/1253
Chicago, 1L, (US) See application file for complete search history.
(56) References Cited

(72) Inventors: Tae H. Lee, Naperville, IL (US);
Stephen E. Dorris, LaGrange Park, IL U.S. PATENT DOCUMENTS
(US); Uthamalingam Balachandran,
Willowbrook, IL (US)

2015/0044597 Al 2/2015 Hiraiwa et al.

FOREIGN PATENT DOCUMENTS

(73) Assignee: UCHICAGO ARGONNE, LLC,

Chicago, IL (US) EP 2886678 Al 6/2015
( *) Notice: Subject to any disclaimer, the term of this OTHER PUBILICATIONS
patent 1s extended or adjusted under 35
U.S.C. 154(b) by 33 days. Sawant et. al., Synthesis, stability and conductivity of BaCe0.8-
xZ1xY0.203-d, as electrolyte for proton conducting SOFC, Inter-
(21) Appl. No.: 15/006,661 national Journal of Hydrogen Energy 37 (2012) 3848-3856.%
(Continued)

(22) Filed: Jan. 26, 2016 _ _ _
Primary Examiner — Cynthia K Walls

(51) Int. CL (74) Attorney, Agent, or Firm — Olson & Cepurnitis, Ltd.
HOIM 8/12 (2016.01) (57) ABSTRACT
HOIM 871226 (2016'05~) The present invention provides a multilayer anode/electro-
HOIM 4/36 (2006.01) lyte assembly comprising a porous anode substrate and a
HOIM 8/1007 (2016.01) layered solid electrolyte 1n contact therewith. The layered
HOIM &8/124 (2016.01) solid electrolyte includes a first dense layer of yttrium-doped
HOIM 8/1253 (2016.01) barium zirconate (BZY), optionally including another metal
HOIM 8/126 (2016.01) besides Y, Ba, and Zr (e.g., a lanthanide metal such as Pr) on

(52) U.S. Cl. one surface thereof, a second dense layer of yttrium-doped
CPC ... HOIM 8/1226 (2013.01); HOIM 4/8621 bartum cerate (BCY), and an interfacial layer between and

(2013.01); HOIM 8/1007 (2016.02); HOIM contacting the BZY and BCY layers. The interfacial layer
8/126 (2013.01); HOIM 8/1253 (2013.01); comprises a solid solution of the BZY and BCY electrolytes.

HOIM 2008/1293 (2013.01); HOIM 2300/0074 The porous anode substrate comprises at least one porous

(2013.01); HOIM 2300/0077 (2013.01); HOIM ceramic material that 1s stable to carbon dioxide and water
2300/0094 (2013.01) (e.g., porous BZY), as well as an electrically conductive

(58) Field of Classification Search metal and/or metal oxide (e.g., N1, N1O, and the like).
CPC ............. HOIM 8/1226; HOIM 4/8621; HO1M 20 Claims, 10 Drawing Sheets




US 9,692,075 B1
Page 2

(56) References Cited

OTHER PUBLICATIONS

Fabbri et. al., Design and fabrication of a chemically-stable proton
conductor bilayer electrolyte for intermediate temperature solid

oxide fuel cell (IT-SOFCs), Energy and Environmental Science,

2008, 1, 355, 359.*

Qian et. al., Fabrication and performance of BaCe0.8Y0.203-d-
BaZr0.8Y0.203-d bilayer electrolyte for anode-supported solid
oxide fuel cells, Journal of Power Sources, 249 (2014) 131-136.*
Lei, B. et al., Sinteractive Anodic Powders Improve Densification
and Electrochemical Properties of BaZr0.8Y0.203-c Electrolyte
Films for Anode-Supported Solid Oxide Fuel Cells, Energy
Environ. Sci., 4, 1352-1357 (20110).

Faes, A. et al., A Review of RedOx Cycling of Solid Oxide Fuel
Cells Anode, Membranes 2, 585-664 (2012).

Lee, S-S et al., Life Cycle Assessment for Proton Conducting
Ceramics Synthesized by the Sol-Gel Process, Materials 7, 6677-
6685 (2014).

Park, H.J. et al., Grain Boundary Protonic Conductivity in Highly
Dense Nano-crystalline Y-doped BaZrO3, Journal of the Korean
Ceramic Society 47, (1), 71-74 (2010).

Duval, S., Y-Substituted Barlum Zirconate, a Proton Conducting
Electrolyte for Applications at Intermediate Temperatures, Thesis

Paper, (2004-2007).

* cited by examiner



US 9,692,075 B1

o BP9 V1 'Ol

Sheet 1 of 10

Jun. 27, 2017

U.S. Patent

L
c 91
—————— y——— ;
T r " r wm r = [ T r " r 1r
- - 1 om - - - - -
" OF W ORF A F Fooa b [ I T SR
n [ I | ] n n [
" OF W ORF A F Fooa b [ I T SR
n [ I | ] n n [
" OF W ORF A F Fooa b [ I T SR R [ [ [ [ [ 3 Fooa b [ [ P o4Ok 4R a r [ [ [ [ [ [ [ W [ [
n [ I | ] n n [ [ " [ nom EE | n T | - ] -
" OF W ORF A F Fooa b [ I T SR R [ [ [ [ [ 3 Fooa b [ [ P o4Ok 4R a r [ [ [ [ [ W [ [
| | o | | | | | | | B | B Al | B ".. | | P | | | L | Al Al
T r " r wm r = [ T r " r 1r T [ [ [ [ [ r . ® T [ [ r 1 r a1r L I [ [ [ [ [ [ [ L] [ [
n [ I | ] n n [ ] [ ] [ [ ] LI | O | n voom e ] e
T r " r wm r = [ T r " r 1r r T, T, T, T, T, r L W n T, T, r % . r n_r u. T T, T, T, T, T, T, T, ] T, T,
n [ I | ] n n [ ] e [ ] . ‘m F | n woom e ] e
T r " r wm r = [ T r " r 1r T [ [ [ [ [ r r. W T [ r. r 1 r-nr [ [ [ [ [ [ L] [ [
n [ I | ] n n [ ] [ ] [ B n I . e ] e
T I I I I I I I I r [ [ . r r r I I I I I 1 I I
n [ I | ] n n [ I | ] n n [ ] [ ] n R [ ] R F | n woom e ] e
" OF W ORF A F Fooa b [ R " R 4R A} Fooa b [ I T SR R [ [ 3 [ [ [ [ [ 3 Fooa b [ [ P o4Ok 4R a r [ [ [ [ [ [ [ W [ [
n [ I | ] n n [ I | ] n n [ [ n [ nom EE | n T | - ] -
" OF W ORF A F Fooa b [ R " R 4R A} Fooa b [ I T SR
- - T T - - - T T - - - u L] u L] u L] b ] - u u L] ] L] ] L]
" OF W ORF A F Fooa b [ R " R 4R A} Fooa b [ I T SR R [ [ k [ [ [ [ [ 3 Fooa b [ [ P o4Ok 4R a r [ [ [ [ [ W [ [
n [ I | ] n n [ I | ] n n n [ [ [ nom EE | n T | - -
" OF W ORF A F Fooa b [ R " R 4R A} Fooa b [ I T SR R [ [ [ [ [ [ [ [ 3 Fooa b [ [ P o4Ok 4R a r [ [ [ [ [ ¥ W [ [
| | o | | | | | | o | | | | | | | |
P P g Y P el e e e P el o
n [ I | ] n n [ I | ] n n [ ]
T r " r wm r = [ " r " r "r wr . ® T [ T r " r 1r T [ [ [ [ [ [ [ r . ® T [ [ r 1 r a1r L I [ [ [ [ [ [ [ L] [ [
n [ I | ] n n [ I | ] n n [ ] [ ] [ ] [ ] R F | n woom e ] e
T r " r wm r = [ " r " r "r wr . ® T [ T r " r 1r T [ [ [ [ [ [ [ r . ® T [ [ r 1 r a1r L I [ [ [ [ [ [ [ L] [ [
1L LI | I 1L 1L LI | I 1L 1L L [ ] [ ] [ ] LI | O | n voom e ] e
T r T r % L r % I LI B R I N I L % L I LI B T I I I . I I I I r L % L I I r 1 r 1r L I I I I I I I I 1 I I
- - 1 om - - - - 1 om - - - - - - - - - - - P o= - om - om . - .
" OF W ORF A F Fooa b [ R " R 4R A} Fooa b [ I T SR R [ [ [ [ [ [ [ [ 3 Fooa b [ [ P o4Ok 4R a r [ [ [ [ [ [ [ W [ [
n [ I | ] n n [ I | ] n n [ [ [ [ nom EE | n T | - ] -
" OF W ORF A F Fooa b [ R " R 4R A} Fooa b [ I T SR R [ [ [ [ [ [ [ [ 3 Fooa b [ [ P o4Ok 4R a r [ [ [ [ [ [ [ W [ [
u u L] ] ] u u u L] ] ] u u u L] u L] u L] u L] b ] - u u L] ] L] ] L]
" OF W ORF A F Fooa b [ R " R 4R A} Fooa b [ I T SR R [ [ [ [ [ [ [ [ 3 Fooa b [ [ P o4Ok 4R a r [ [ [ [ [ [ [ W [ [
n [ I | ] n n [ I | ] n n [ [ [ [ nom EE | n T | - ] -
" OF W ORF A F Fooa b [ R " R 4R A} Fooa b [ I T SR R [ [ [ [ [ [ [ [ 3 Fooa b [ [ P o4Ok 4R a r [ [ [ [ [ [ [ W [ [
| | o | | | | | | o | | | | | | | B | B | B | B aon P | | | L | | | Al
T r T r % L r % I LI B R I N I L % L I LI B T I I I I I I I I [ L % L I I r 1 r 1r L I I I I I I I 1 I I
n [ I | ] n n [ I | ] n n [ ] [ ] [ ] L KX I | [ | n woom ] e
T r " r wm r = [ " r " r "r wr . ® T [ T r " r 1r T [ [ [ [ [ [ [ [ [ r. 3 T. [ [ [ [ L] [ [
n [ I | ] [ I | ] n n [ ] [ ] [ ] L KX ] e
T r " r wm r = [ T r s . ® T [ T r " r 1r T [ [ [ [ [ [ [ [ [ . ® T [ [ LI | L I [ [ [ [ [ [ L] [ [
n [ I | ] [ I | ] n n [ ] [ ] [ ] m B LI | O | n voom ] e
T r 1. r W T r % T I T r W T . % T I T r 1. r 1. r T I I I I I I I I I I I 1 I I
- - - - - .
R [ [ [ [ [ [ [ [ 3 Fooa b [ [ P o4Ok 4R a r [ [ [ [ [ [ [ W [ [
[ [ nom EE | n T | - ] -
Ll L] F F F F F L] F a F F F L] Ll L] Ll L] a F F F F F F F F Ll F F
u L] u L] b ] - u u L] ] L] ] L]
R [ [ [ [ [ 3 Fooa b [ [ P o4Ok 4R a r [ [ [ [ [ [ [ W [ [
[ [ nom EE | n T | - ] -
R [ [ [ [ 3 Fooa b [ [ P o4Ok 4R a r [ [ [ [ [ [ [ W [ [
| B | B _... | | P | | | L | e | | e
T I I I I r L % L I I r 1 r 1r L I I I I I I I I 1 I I
[ ] [ ] I | F | n woom e ] e
T [ [ 3 [ [ r . ® T [ [ r 1 r a1r L I [ [ [ [ [ [ [ L] [ [
[ ] [ ] R F | n woom e ] e
T I I I I I r L % L I I r 1 r 1r L I I I I I I I I 1 I I




U.S. Patent Jun. 27, 2017 Sheet 2 of 10 US 9,692,075 B1

. N L R T B S N N - L L T R R
r
LI EC L LI NC A A
; Al
A A A
WA WA
A AN AN

A

e

L x e
g i N |

MOE ¥ XN N NN
& liﬁxxxx i

.-;5_:':

4
3
-lr*lll‘_lr'dr
i -l"-"r x
.

»
o
e,
MO A X
M
L

L
Wor il

-
-

M

#l
"
“r
»
o+
E ]
oy
-
¥

]
o %M N

-

"
A
i
A m  uw x
e
)

-

2

"
.1xxxﬂx:'¢‘?¢xﬂ |

X

P N M N

i xk:. ’
M

o o

i i e i)

4 | o A
o i e
ﬁrﬂ x.ﬁ

el
'l!"l-l!il!xﬂ"lll i ™ | !
P ‘I!'lex?l%: A
M A NN

i |

L |
= = o omonE h'..':r'.--q-.".'- -
L R e L

R

oaay

X, X
XA X K

W Y

w X W

|
- |
M
X M
-
]

M ]
I- ™ A
i ._;.:x;:*
IHHEHH!H"F!"H*'!"H. &l
o Mo M MM x L

LA | .?E"I !.
Al F’:§:$ -

2 ]
Y

e,
A

A A A N e M N N
-

"

)
N

2

XN ok NN KN KM
X
H |

i

i i

M MN M NN
e H:lx:l!"-‘x?d!ﬂ.l!

i .
2
- ]

x
e
L,

a
x
||
Iili?l'.?d

X LA, ;
:u:::*a "

b ]
- |

G uﬁr ™
oy




L]
L]

-

-

F3

-
&

-

L]
| ]
L]
ir
L

CAECRE N N N N )
b & m Jpode de dr o dp o 0 W
LR R
i A e

-

i

-

-

US 9,692,075 B1

"
L

e dr o

-

B b &k b b F b b bk h kR E RN F RN F

-

r f b 4 = &k Jr o dr o om om
Pt
)

CO

-

LU a
ERECN
x MR N NN

2

P
LI |
L ]

* ¥ i r i

ir

B b b B bk B B B B B B B B B B B b &
"y
T

r

]
- O

A, AN

adkr s ¥ A a

P
LA
nr krn
-II-IIJI"
iy

[ ]
r

x
b=

LI A

M
J-'q-lr'

Sheet 3 of 10

‘-l'

-

T T
Wk h kB bk mw

[

Jun. 27, 2017

U.S. Patent



U.S. Patent

Jun. 27, 2017 Sheet 4 of 10

*

et

l‘_-ll

I.-ﬁl‘.\-“

. . e s mwm ‘ - ;l;i;-..-l-:t:-'-'-‘-'-'-f' - ' :
'.‘"""-'“'""""""".‘ . '- " . " - ..

"‘:“ ':.1#'?‘."’*1‘*' .

Ry Ny
. .‘I‘ll‘l‘_' .

i s e A I AR AR S S s B s R

R -‘I R N .r‘_' . AR R R R il_il-llfl-l'l'l""t '-' '-' '-' i
. P al . . s T R T T T T .
v ._"i." -'5-.‘ ::'. :"F Srreme -'*"‘i'l"""‘.""."'."'.'.' et

PR .
L
. X

SRR R Ly

.

L CON

olaln 0 A el

.,:!‘,;.'._.. C

. . "'.l';
. . . PR . . *"'*'-'-'..n.‘n.‘. . .
e W i A A S A S EELARFTTFE L -
. ."‘,'*",'*'.".'.."..'.."..H‘*-."..‘*-."..‘.."..".."..".."..."'- .............. P
I E R E ) ol el | o . .
. P P N -.----l“#‘\-""q ......
sond p kg . - . - Lo mm TR A kR Rk e o E bk - .o
:ln -I--i-rii;:.- T et e e,
- i . . . . e Y N R . .
q‘ - - . - YR T b
e . . . e Tyl .
LA
L

-

-
L

BaZros¥o,05

g 0 Gl

; *.':-.'.-'.{-.'-C-'.':".' "'ry

il ™

e V]
:
:

L
-

e

"."-.'."..F-."-.'."...'."-.-."...'."-.'."..:i;'-.-."
“u . L) .

L

*
)
o

a4

o

om0
--I'
Cas

.-{:i.',-m.

LN NN N
L

Qf-.-m-.-;;.

;1:-.-."-."-,'..-."-."-.'5.\'."-.-."
N L " ¥
'l

-
r

ERERXNRERCR NN RN
L L
+
L
o
ol

.-;;.-

n -
- »

e e
3 "
[ ]

O

i
ey
'i

.-'
IJ
"
-
- )
"'.-".".'.'."'.' ' u
b h & bR '.'-l'
+H FEFEFFFEFEFEB [ -
i e . "-"'-"'-'-'... .
L LYW oW i ™
..*- -. "' .- '-'l ‘tt. .Iu. -':.

v

4
L]

4
=

o sin s,

1
-

T‘“""*'.*'.'#*

.I.
-llilil;'"-'l .
'.-h'.'.-.'.'.-h'.'.-|-----------.1##1#4#.'l'l'."-‘.""'#.-.‘-‘."Il
-I-I-I-I-I-I-I-I-I-I-I-I-I-I-I-I-I-I#ﬁ##ﬁ##ﬁ#####ﬁ##“----------'"'"""""'"" = e e T T T

- -'\.-I.-'\. '\.-I.-'\.- '\.-I.-'\.- '\.-
AR S T
: [ ]

L " i iy i #l'l'l'l'l'l'l'l'l'l'l'l'l'l'I'I'I‘-I-I‘I‘I__I-I‘I-I‘I‘-I-I-I‘I__I-I‘-I-I‘I‘I__I-I‘-II‘ LE NN RENRNENREEREEEE LR R RENEEEEEEEEE R ,'\'..."‘
Lttt ek ek b Bh k) I e N B L "‘."‘
e T e T 75 e i e e T T T T P D e R R R R R Ty o o e AT W L
- .|-|. .-1- » .t L T e T e T e T T T e T T T T PR R RERRFRRRERRTRER 'I.l.l.l.l.l.-.i..............|-|-|-q-|-|‘ . Ealt)
B AR R s W T T
. .

TrTe "'-'l'_.#‘t.

. ‘i
.A.i.i.ﬁ.i.ﬂ.ﬁ.i.ﬂ.ﬁ.ﬂ.ﬂ.ﬁ.-&r}, .
R, G By
: --". ‘-?- -"l : .::‘l

ll,._i a,

. "..'..'..::'. - '.:.:‘.'.:.'T'.iﬁ; ...',L

.
e A W e

<
L
i1 |

%

;:I.,.

ERAEERRR AR RN ARRE LN
o -

"--.."'-‘-"'-I:

ERR RN
.h

i '\'-"-r"-'\'-"-ql\'-"-

| .}

“m
4

: 7 2 m:i..-m-.-m-.-m-.-m-...-m-.-m-::m-.-5-.-.-.-5-.-3-.-
|

-l.-\.-r-\.-L-m-i-\.-l.-\.-L-‘.-l.-\.-l.--fl.-\.-l.-rl.-\.-l.-’-\.-\.-l.-

AT

US 9,692,075 B1

-

-

-

2-Theta - Brale

ﬁ*i.hfﬁ.hh}*.*.?f.*.?f.*.?.*.*;.*.*..:.".".:...*.*.:.L".".t:‘.".“'."r:'.".".r:."."..:.“'.".:.I.".".:i‘_".".:?:."."_.:'."."...:."."'..:T".".g‘.".".‘:.r'."."."'?'."."."r:'.".".:."."..:,-.".“'.:.!".".:f".".f?:.“"."::'."."::..‘_".".:...".".':f‘_".".:?'."."."p_.:."."i."."'...:T".".':,I.‘.".".:t‘."."."'?:'.".‘_"E:."."r:.".‘_".':?".".:.:.".".".'?:.".t:f.".“..:.".".:..."."..:T*.*.E.*.%f.*.*ﬁ.*.h}*.*.?*.E%%.*.*?J.*.: .E;E::

- [ 3 a a
') - , - X "

-*_ " A n_4 _4 )
i o S g
L] » - - . LA ' L)
:"' -l-" -.q- [ i.‘i- !'i- i-"'- ‘.ﬁl-ﬁ_"

N e ey e aler.

{SUINERT Y LY

1



U.S. Patent Jun. 27, 2017 Sheet 5 of 10 US 9,692,075 B1

wt

4

b

N ]
a ‘.;i -b"."i - e
. ... e S JE
e e e e IRy Y
Wl b e e e e e ke e e e P :--l R . . .
Co A . - j-‘#*| - LR Ll i B I R ] ]
o' w t"*ai- - '*_:. b ' T ~"'I‘..~-Il‘l . .
B c oW . S
= [l . -I-I.-. I-I.I.‘:‘"" .

we R
)

T
BT P R '. b
L] l_l.l.i_-.ili_#_q-_I [t Tt lal Bl EalPR

') ...l...l...l...-.-.-.-.-.-.; B R AR R
I-‘_“‘ll"'vf-:'q. . 1-_1-_.'_'._.. T

N a_k_n
. EEEEE T FE oo #-ﬁ-ﬁ-ﬁ-ﬁ-ﬁ‘i"a-'a-'ai P ey L1
e L A S . . - .
- TEEE o r A
. . . ..-.-._-.....|l,'|‘.‘.
. PRl B YRS
-.-- -
L]
.
I'.
a ik
L -.l-"..
R
b i 4
L
mi'.i'\i'.i"i'.i"i'-i"i'.t‘i"i"t-i’\!"*. -
-
A e T S e
drod & h R &k kKb Kk Xk X ko
Tk Kk k k kd ik k kkk
L 3 e el '
Jrodr o g A ki P [
'JrJrl'Jrl'Jrl'l' i & i r LI L I N B O N [}
_-rkq-*q-***q-*q-*q-*q-* ar ‘-*q-***b_ AR R AR AR AT WE -
kX Kk kK b X Xk Kk
N N N
x ok kX drodr b dr ok
BN P e
T KK Fd ok k F -
P - XX b X ko r .
kX X Fdh bk i F
BN ok K -
LN drodr o d o dr ke
S & X X X XX X Kk X kor
o )
B X ar ko ok - ..
T kX Fdh ki F 4
-r*#***#*# k***#*****br B on b = b om b ow bhow b om k- *
"t*#*#*#*k* ***4.*********. e
PN M ok b X b X ko
Tk K K kN bk X Xk Kk F
B ok K -
N drodr o d o dr ke
P N My R b X X X k¢ ]
L N N N .
T * o e e ma™ r
o & i i DR+ i & i & ior P B R I I .
- L N A A A e e W - -
. .r‘.******* h 'r*lrklrklr*lrklr- . . '.' '.' '.* "." ".# ..'.'.'.‘#.#.*.'.#.'.#.'.# 'Y YR L it il Sl e T T T T . . . 1
PN M B I T T A -l;l'-l"l-'l-'!-""""' B . b i * aingie i,
N ) Pl oy e S T v LI L N A . L . . . . . ' - )
o st e e L CCCCR P '
T e e .- ll._,‘,_.,-; A A '.‘_.':"Lllli_q_-l-.'_ . '
Tk F X F Xk bk kb kN F ~m g 9

ke rrrrr - = 7 ® = ® = ®E L ® L N L E L E L E T " - P .*. . .
= F F b F rFrrrrrrrrbrbrr b . - -

L ] L] L ] L ] l*l.l I.l
.
X ok b X
i r -
¥ i v )
r _:,.:“. ..
.
PN e
EE o o .
- -
N
NN XK kKN K E
e M o XX kX -
RN N ¥ ok kK ok
N N X & KKK r
RN N e
B E o g L
NN CNEE N N
EE N ENE o o
=k X EEE N
LN NN ENCNNE N
r
:a-:#:ar:a-:lr:a-*a-ﬂ 'Jr*ar:ar:q-:a-:ar:a-br L . . . . .
'-.-"’a-*a-*#*a-*a-*a-ﬂ- t*a-*a-*a-*a-*a-*a-*b' ’ 'l"':'l':"'l"'l ! :'l'l Sl
S ek XX Rk 5 =* -":-F'r ol L :
'-.-:a-:a-:#:a- *'r:k:lr:lr:lr:lr- 'y '-."!-l"- PR L L
NN Xk Kk ok . 5
':#:#:Jr:lr‘rlr*lr ¥ *Jr*a-:a-:a-:a-:#:br . g "u
NN XK kN K E -
e M ENEE N
LN A
RONARNION, - NRNNINNS i :
LN R e R N ] L
O ok 0 S N ok 3 08 o o o -
-'l.-*J.-*Jr*J.-* *k*]-* *;***#*k*a-*****a-b- " = m = m ®m E ®E E ®E ®E N E E N N ®E - . "I
-r**-*****ﬁ- q-* ***************br LA R ] -_--.a .
NN y ok kN Kk .
S E M ENEE N - .
P ok kN kK .o .
:Jr*_Jr*_l'*l'*l' i - Ly . L
--::.-:J.-:J.-:Jr* : R T R T T R
ENCE N v
--:Jr:lr:#:‘r ] 1:: -
NN NN . b
N X ,
e 3
X X ¥ *
:a-*a-*dr*a- x :. . by
BN _-'l-
St ..ﬂ
o b
l._
C .
w
e e omaT
. . e RIS A
FEE R TR E T bk bl e e
. . . . . . ) i ¥ q.\-'\'q.\.\q.\i'\'q.\-\q.\i\q.'\'i\q.\l\q\."‘q,"'."'q,"'.."'"-‘-‘-A-‘-‘-‘-‘-‘-‘-‘-‘-‘-‘-“‘-‘-‘-“‘-“U.'.'.‘.'.'.‘.'.'.‘.'.'.‘.'.‘.‘.'l-.-.'.-.-.-l-.-.'.-l-l'.-.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.‘.' - ) ) - ) ) - ) e ) -
T EEEEEEEEEER] '.l'.l'.l..... [ aoe e e e T T UL T T L s e e e e e e e e e e e e e e e e e e e e . T
' - "\.‘ "\.‘_ N ".‘ _.'q " i - __-I'-I'-I-'-I_'-I-'-I'-I-'-I'-I-'-I'-I-'-I'-I-_'-I'-I-'-I'-I-'-I'-I-'-I'-I-'-I'-I-.-.-.-.-.-.-.-.-.-............1...:. R P P R R R R R AR E T bk h kb kbbb E bk ) ; ) ) . ) L. ) ) L T
Nl il . . e e T T T T T T T T T T Tt e e e e e e o o R ok R R P W . i
. [Salrr ol ..'..\, ...........-.-.-.......'.......i‘,‘.i‘,*"‘__._... i
E R N e e - T T T T T e e e e
. a8 . T . St
2
-
. :‘ -.-
1-'I|.I|.I|.I|.I|.I|.I|.I|.I|. \}}
. - . . . . . " .. " .-I. .
IERERNN #lblbl#lblblil#lk&q‘f‘-—. M
. '.;. LA N o .
e gt . :. .
A E ::-
F‘I. x N
Ty —
T T T T T T e T T T T T T T T T T T T T T T
h_h_h_h_h_h_h_k
F F F F F F rF F F -F rF - F rF F FF F FF F F FF F " FFF F " FFF e FrF P FrFe rFFrFrF PP rerrrer-* FT T T T TOTTOT
B T T o e
r a B ¥ -
. . " :-
. . . . . . . . . .. v U -
et e e ey SR
]
¥
]
]
¥
. .. . '
". . n ¥
m . . * 1"""""""""'
. : R
. . . ] .
L L.
B o : £
.. -, .
Coe e . ] "..".-"
. . . '
PR 'm ¥
N E - A ¥
] : . ¥
. . ¥
: . - . '
£ ¥
]
- ]
¥
... '
: ]
i ¥
‘H - ]
]
LT ¥
: ]
. ]
. H
]
.m : '
- ¥
: ]
: ]
¥
. Lt ]
. - '
. ;
]
; ]
. ¥
4 ]
. ]
. , ¥
]
]
d. ] _I ‘. .I [ T _I [ ..‘ _I _I ] J| :I .. . _I [ ] _I [ _I _I I-I-_.-';._I-I-I.-:l-_l-I-';TI-II-I"_I-I-.I-;::-I-I";-I-I-'.-I-.I-I I-I-I.--.--I-.I?-I-I.‘--.I-.--I-I-I-.I..-.--I-;-.I-.I-I.;:.I-.--.I':-I-.--;:.--I-.I'--.I-I.‘--I-.I-I'-I-I-.-.--I-I-.I'-I-I-.I.I-.I-.I-I-'JI-I-.I-;:--I-:'I-.--I.-.I-.I- |-|-|-;:..-|-|":-..-.|-_-.-|-|-1'-|-|-.....-|-|'.|-.|-.|-‘..|-|-|'_|-.|-.|-;:.-.|-
. . . . .. - . " B - . - . [ B . » . -op - T .l 1 - . u - . . . n . .. . - . . . .
x . - X, . . , . .
.-‘.. . . P _‘.. P . . P} . . . .L.- P . . P T P . ..l. P . . P .




U.S. Patent

Jun. 27, 2017 Sheet 6

4 4 4 _4 4 4 4 4 4 4 4 4 4 _+# ..'...'...'...'...'...'...'.- -k EE R EEREEREEREERE R PFPRFRRE - R R
'.-.-"-.-.-.-"-.-"-.-"-.-"-‘M‘_-_.#_"_"_"_‘#:i:i:i:i:l:i:i‘:i‘:l‘:i‘:i:ﬁ:'a:'«:'«:'«:'«:'«:'«:'«.'«.'«-'«-'«-'«-'
A S b o o iy iyttt byt s o oo o i & b & b i .

' W N
L e

'-I‘ l_l-. .I‘l_ - _l
R DC S

BaCeg;4rg1Y0,03

A B N B N N W R N R N RN B I A A AsAaa s sl EEERREAREREREEFTTFTTT

T WY W W YWY WE Y YWY YWY Y Yy w Y ¥y w¥yYyFw¥ YT EEoE R R LR R R R R R R R R
EEEEEEEEEEEY t&lhlt_'ﬂ:" "Il"Il"ll"Il"ll"ll"ll"u.":."u.-"u."u."..".|."4..";.";.."4.";..'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'-'.'.'.'.'.'.:._:._:."‘.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:.:_:_:_‘I e
LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL *""-'"*""-'"*"*"'"*""'"*"'""""‘*""‘*""‘*‘l- " E E E E E E E R EE R * M EREEEEENENRENEENEEN

 RLe

Sttty e

* *-.'.-.'.-.'.-..I‘l‘_l"‘l‘l‘l‘l‘_l"‘lli LA L N R
i "_.".".".".".".""l'.'.'l'l'.'.'l'.'l'_“_‘_‘_‘_‘_‘_‘_#.I.I_I.I.I_I LT T Y

of 10 US 9,692,075 B1

U

k|

.-
. . P .""'-"u"‘"
ey B S BT e Sl
LT ek R FPFFERF - R - o .
rd 4 =" " bk - B Bl el e e i e e A N N YN R NI
Y ....-.---...'.‘..

.'.'.'.::.‘.'h:

L

g g
.’

o
<

.‘ -

b

T A A B L e e el

3
LI l-.l'l"'.

- Ak bk b b bk F Rk FTTS

l'\'-"-'\'-"-\-"-'\'-"-\-‘-\-"-'\'-"W"‘*‘_’"‘iﬁiﬁ‘.#.#.'II'I.'II'IIII_Il- lllll
' . . ol I T T

L ‘1‘_"-‘“‘"* Ll R BRI I

ORI R XX T

K

g e
' .

k3

| ]
-

LI ]

EEEEE e EEr

;

B st

L]
r

L J
I-I-I-.\.

LY ] )
“inen

.
-
e L T L R

e
L3

'
L

trta L

e
L J
[ ] N [l
[ |
- !'t
e

A,

k)

R b
!

* .

[ ]
-
L)

AR

R S R N

“wlaa,

s

-
. . a¥.
....... -I.'.-I.-I.-II‘.‘.‘.""."l'l*

e e ey e o e e o

v e

"

b3
a5

EEEEEEELI
'y
q
¥

e S Eae

L

a ;._.{.-_.ﬂ-‘.‘i‘_':.

ot

-

ing

Tiateeht

ittt A :
s 14 W . .

P e T A

W et

¥
4 ' b
LI J- "E R

‘x
4

.
¥

T A el e e P P

RS

1i
.r
.'
L]
l.'.ql.-ll
S

W .
........... A_A_d_d_J_da_ & ¥ ¥ FE

R e a o o e a  a

IIIIIIIII =y TTET L] - .‘
.‘. .‘l l.-“; k

-‘ :.*“.
.

.‘.

YL I R S

e e e #;: #:*:ﬂ‘-\.
xa'T -:1.~'!in ek S

a
-
N :

+
r
L)

i AR R
o

.

l‘
3
%
:
¥
S
N e
o
F
‘Il .‘lu-lu-lur ll-:
8 e
o L
)
~ |
. R -
AN
L. -
£ o
w LY
— e
Li. L
..... ' e
o
x -
R
¥
. T
- :: .
R R R e R e e R R R R S e A e R R R A e e W
S Wt Al i N s T o Lo Al o
'hll:l- 'T-I-:-'. ":-I' . l:-l-':l .f-l-:l‘. - - .i-: -:...I-l- .:-l:.‘ "'T-I-:" - . IIIl:-lll_'- . I‘:-II"‘
g S et . B w s e

{SRIION} WY



U.S. Patent Jun. 27, 2017 Sheet 7 of 10 US 9,692,075 B1

LR RN q-_lq-_q-_* #'LI:
AL F = 1 W g - - -

SRR ol _vi:'.'-

R
. - - ) - .
L3
Ly
.o .. » .
S e e e e e e -'*}m' -w -

o ot .;...,.:“. Al o

1-' : ‘-.‘1-.:." < -I'" "I-'

'm
S ._'r'rJr:Jr:Jr:Jr:lr:lr:lr:lr:lr:lr:lr:lr:lr:lr:lr:' -e
O e
o e e e T o o T T T
o
X Pl
I'Jr#klrklrlrmlrlrlrl"
W Pl
S ol R R -
Ol e ol
Ny T
e B s o
N - Pl sl ool )
S R T Y o e
o Pl
Sl B T T a o .
N . Pl N -
ol Pl
Ny Pl sl ol o ot
Ty P
X R Pl A
Ol Pl el
i T el
Sy Pl Sl .
"'.plw. CaE Pl ol ol ol ap .
L e
. . O ) ol
A "I; .I-.1_._-._ LA AL ALY
. oy . A P
'.*\.,'."."."-"-"?'.‘ R e e e
VT Oty P -
Sl s o e
W o o
' S Pl
- L'-:*‘f-l-r-. - ':lr:Jr:Jr:# :*:*:‘r:*:**b' 1.
L . | ]
ey ’ -*:*:":*k*:*:*:*:*:*:*:*:*:*:*: N Al ‘:::
[ ] - | ] u
S e e o o e e e )

Fr ek rrrrbrrrrrrrir

*.***.***.***.***.***.
e T e e
. A e
- Ll ol
B el s e e el 3
. Ul el al el ) L
. - r
) W-M:.ﬁ. . .t"a-*a-*a- v *&*Jr*a-*a-ﬂ-ﬂ-*#**.'
.. .k '{in'n'n'n'i'i'l,".'l (A T R "_\'*_k*#*\l k*k*#*k*#*#* )
- R e LR etk ) B P A
Lplglyty W W . . .
L. L. "_ . "_ . "_ \ ._ \ I.‘_. I 44 l-_-r-i-'l'i_‘l'i'l'i-.‘*_'_'_ ] _'r:l-:lr:l-: L g **:*:‘f:*:‘f:*..' L
! Lt Tk i Ml e et T -
D TTRTTR . U R s
Co SRR St Txlutallen L LA x W ]
L L] ll-l-.l- LA & . - - s r sk b & Xk o b bk kb .
e LTS L e . s x LA RN . . AN A 2 M A
: T LRI NN . Ce e - .
o iy LI T NI BRI : _— RN, TS N
T T oo T : e e X et e e e e e e
. . Wﬁ Lt k) EE ok o o
o B S Wk
mE . L a0 ) SO
T oy i . - . ) t*a-*a-*a-*a- Jr*:r*a- a-*a-*a-*a-*a-*drb-
S e O N e
ST Tt e - U a0 g S ol ) e
. R -Mﬁ- T T e T
A . . L E A NN I N NN B A L -
LN EE N
L Ll ko o
oo S
FE kKN Ll N a0
R s
N R O EEE N .
L X ok X ¥ ¥y m -
Lk Lk 3 o 3
. - e N
:.:"lr L Xk kK k kK -
. B ) bt
ST L gl 3 E i
. .. ':% o T T e e e e e e e -
. CE N A s e e
-_1_1_1_1_1_1_1_1_1_1_1_1_1_%_% .- LN NN A A " -
B A P N - -=---"'l-ﬁ-- Ko ko Xk Ny -
o N A4 _:._- . s . B o d o b
I"- —"‘I- o iaia --‘-. v --:ﬂ- - -:\-:#:*:** **:#:*:*:#:*:b
B L e ol o -y
E kX S S O
Sr xx e -
Ll EE ok o o
B . U
L o AN .
r
Ty P iy i -
LM N N M N ML TR oy
N e b LS
Bt EaE kol o -
: AN NN NN
B M s e
. ‘n . BLAE E N A N N SE E A A0 30 SR “w .
L _'_._-_-“.:- . ! . LA L AL 0 Al a0
e e .'.;.;.-.-.-,-,-.-.-.*W"‘*" ..
.
e e .. ,._I'.‘_.‘_,‘,._.._'l.zl.l T T . K
. e e abg T v e’ LR -
R R R N RN '.'.'.'.*:‘:‘:‘_t.m”— - . - . - . . .
: . o % it
. Lhat el bt hl b b b bl bl b b bl b ]
‘:". ' o ’ il . tatutete e "."'."'."’."'."'."'."'."'-“"-"‘-“"-“*-'\-"-"\-‘-"‘-"'1"l"'-"l"l-"l\l‘-\#.,l .
- . . . . . . . . . B . . . 'w".".'.*..'.*.*..*qh.'. e .
.,.!.:.*, o, L N
',;,w.-
-y

L] llll-I-I-I-I-I-I-I-I-I-I-I-I““““‘;1'."-".".":-'.:"'-- ’ )

n PR Rl e Rl hat el Rt el et Rall Rl Rall R’ Rl
-"'-"'-"'-."-*-*-*-.*-*-*-*-*-*-'ﬂ'i%w- LRI TE T I T . - . B S S S S S S U SR SR G SR o
P BTk B ¥ . - . . I M N N N Y R Xy .. . .

R SRS Aoy

.f:i-'.i-'.l;l:l:ﬂw W_:'.;: '_. R ) -
T T AR S A : ..
- rrreR et
-'-'.'-W L E RN . .
il .“'ﬂ'_‘.‘,‘. . P -
: : R T F O )
T R R E R R LR EEEE L LR LR i it bbbl T
“i‘"“"i‘"i‘"“'!‘"lmlf#ii-l-l-l-lill-l-l'.......... R e
IR N I B il e A o o o T A T N N R RPN . . .
L. ‘F“.*._. :. . ‘LI‘Il"-'-'-'-'-1""“""‘"“'.‘H..l:"i'l""l' . . .
Ty AN N .-I_l'l'l'l-j.;i
P T . . . . . g . {?

- .l

Cal

:
&
el ~

i

', x
#:‘\s.
- -
'hlllll#““#,' -
L ‘W B N R AAAA LA L AN -
- L] 'I.-I.'I.'I.-I.'I.'I.-I.'I.'I.-I.'I.'I.-I.'I.'I..
- , ‘l'l'l'l'l'-.-l."ﬁj' - -b- b.lr.lr. b.lr.lr. b-b-.-.
Catg it L R h:_| ' ) ) - = = m o= om mEmomomomowm -
"I'- 'l- 1..|. . L --.--.--m . HIIIIIIIIIIII-H Ll
‘.:r ::.' :J: :T:J- --:..'.-'-. ......1“":}:'%; L N
SR
e, T -
-
N,
R ) o SR -l:l:_l
R i i I ' e

L ] l'lﬁ'.'.'.*..... .. .: .‘-‘-‘-‘-‘-‘-‘-‘-‘-“w
' NNk Ek -l"l.hw-"-.-'-' N g == . !
R R U e et

X RN

- "'*. .". ;'. .-'.'.'.'.'.'."'.‘M‘."."-".".".".".‘.".".'-.".".". YRR W
TR . VR R 'm""*"*"*-““"‘*L*.*.*.*.W "
o . e
m - .‘.'.M?l:iltlthilt‘i l““ N R U
- "-
L et e e 'L'l'l_'l'l'l'l':'_‘..‘q.‘q.';ltl;ltlﬁ:--...-....-...-_...-...-....-..-_.,l.l.'.'.'.l.l.l.l LIC I I I B ) -_-'-'-'-'-'-'.'...'...'.'ml.l_f_#_#_i_l".‘ . e
'%"T":":l":*:"‘:"T*T":":':':':':":’:"-'-'- '1-':.':.':.':.':T-T-T-T;.'l.':l:-';"l-"l-"l-'q-1-1-1-‘-1-t-l--i-l---;.--;-;-'-'----i--i T T T T T T o e L T T T L L L T T L T P P T P o -
Ll Sl Sl Sl Sl S e e S il Sl Nl Nl Al S S Sl I'I'I'I'I'I'I'I'I"'I'I""_t_i_i_t_i_i_t_ﬁi-‘l-‘i‘i‘l-‘i‘i‘l-‘i‘l-.-.-.-.-.
] } a2
b : .
3 ¥
: H
F . H
. H
y N \é'd‘z ! "
L Y : .
2 Bl BN
3 . ! TTT
3 ¥
| 3 - ¥
P X% H
L+ St ' i
k. '
ST BE
- :
¥
n L) g bt : .
g S¥3 ‘
]
b w H aa
g .Y E:! ;
. . H
ul S c} o) |
i 4 }
L O L B i
]
T ™
PR e
! :

ﬁ?l 'I.:I 'Il.:: | :r“..' ?:-.-I 'I':I 'I::l | :-‘II :‘:u ‘..:. ‘.::I | :'I'.' :I'_.' ".:I - :’_‘II ::..l '-?..I 'I::I - :I | :._..l .E' 'I"_:I - :’- | :?‘.Il 'I.:I 'Il::l | :t.' .t:' .F' 'I‘:I | :f | ':,_.I 'I::I 'Il_:j 'IL:'_‘II ::..I .f' L :I | '::‘II :!_..l .E' 'Il_:l | ':.!‘II '.Ir.l 'Il._:l 'I_::I - :?‘II '.‘:l 'I':I - :t.' 3‘.. .t:' f':l L :-‘II :?_‘.II .E' 'I::I L :I | :f..' '.I.:l

:J- ] ™ [ ] u i ..‘. L -

o o o = 5 :
Wt . wt - e -

RGN0 WY



U.S. Patent

Jun. 27, 2017 Sheet 8 of 10

e

LI
N
L R
‘ﬁ‘"‘-.‘

R T A T A TR T .il""i*--
- PR FFYFFYTFFEYERR
[ ] ] “‘-#ﬁilll
"'-'.‘.-."'l‘h' -vv'lq.q..i....
ll1qr'-|l .-.“1_'_ ""'llil-. )
'ﬁ‘.“. .|.'...

1

v
“.|"il
LTI -
. e e
llllllllllllll#.w“"--‘\‘"'""##
- T TP EFTFP TR . N h N
L R R T R - - TFFTERFEEFEF ol w0 -
"‘.- a1 E W ' o e T T T T 'I'I'I'I‘Ilﬁl.'l.'l
. A .. . . . P g

L nd

4

I-.-.

r a [T
' 'h-I-I-I-I-I-I-I-I-I-I-I-I-I-I L AL L AN II"II"-"IIH-"-“'"'F""'##.- -~
. ‘.‘I‘-I‘-I._I‘-I‘-I‘I‘-I‘-I‘_-I..-I‘."#mﬂ:‘;‘:':':':':'::;L:L:L:l:::::::::::::l.:‘:-: : : : : : : : : : : : : : TFF T F YT TFEFE LY ‘ L A A NS * mmREE YT .I
. » 1:'...4.'.. ; - .:# TFTFFFFFFFFFFYREEEEEEEREEREERR -.................f'.l-.l'..'.l'.l'..‘_.‘. ‘.‘-‘. ‘.‘.‘-‘i-" .‘-
™' "rl"I‘:T:. '. Q-‘F - ‘i"l-. ::-'-
N :' t
EN ]
. :l - E-\-'\'-
ar
R e
. .
o
w.o.
;.': R ::..'.
. '.‘ . .‘-
oo
- .
8 3
L #t_#.t_ﬁ_#lﬁ_t_#t####l.lml.’? ’
-m. ll'lll‘il‘_!lir'ri:."_ T "i‘ -
R .'.*.'.:'."?:.". SRR ES-
- . .
.. : A
l B R
: . e
o EE
oA R -
E ik " -:‘ ) 3
o FEES
b
o L
. ll l'..- ’ k-l
. . - . LT L T l.l.illlll'l"l L
t3 T e TE i 3
- . .‘..'-. 'l-‘j n-.‘..l_ N VT T T ""-“II'\ ..
R BURESE T
Dvere N
- v
N b .
s B
Y b
L il
w o
{ )} S
' - T .-
) . e Lt .
m ll_-ll_.-ll::_:_"'_"';i:';::'_'.'#t‘ f'"-..'. . E"‘l'
- LEERRE Ty i
e ' . '*: ::'.*".*:
. L
- .
Th .
: .:,' )
-
- E.; .
R
g < )
oo
Y ]
i ::: .
Ta - ow
T Red
) m_n_N_N_0_N_N_08_0N_N_N_N_N_N_N_N_N_§_N_¥§_§N_&§_1_4 -I.-!--I.-I.-!.-I.-I.-!--I.-I.-!.-I.-I.-!--I.-I.I--I.-I.I.-I.-I.I--I.-I.I--I.-I.I--I.-I.I--I............................;...‘“ "l"‘l"'l' *'l"‘l'" ""“"*'l' ""“l"'l' *'l"‘l" "" *'*"I'*"l'*"I'*"'*"'*"'*"'*'* -.-.-.-.-.-.-.-.-.-.-.‘.-‘."‘.‘#.‘ .--. ‘ . k .
x 1-1': : : :.1::5#::; 'I' . Wl.l.l.l.l.l.l.l..'l'..'r_l-_lr_Ir_Ir_'r_'r_l-_'r_'r_'r_'r_*_'l'_*,".'l.,'l.,".."..".."..".."..".."..".."..".."...:.,:.,:...:.,:q.:-.:-.:-.:-..:-.:-.:-.:-.:-.:q-:-.:-.:v:t;tltltlt-,t-ht_t-,t-,t,i-,i-,i-.i-.i-.i-.#.-.t.i.t.i.t.i.t.i.t.i.hﬁ.i;i;*;i'-i;*;‘;‘;‘;‘;‘;‘;‘.-‘.-‘;';. -. E AR A EARARARAEARAEAR 4-.#.#.#.#.#.#.*.;.*.;.*.;.*.'.','_','1 P ' "
. ..........._. T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . T
AL “
e .-
5
g
»
A Y-
-._'q-_'q-_'q-_'-r_'q-_'-r_'-r_'q-_'-r_'-r_'q-'q-'q-'-ﬁ_“i':u:-: .. %
‘.*.‘.‘;'L'di'. W v ot ] L)
e % 3
¥
:"::. :::
LA
ool
-y .-
o
::‘ -
o
R
oW
:i': )
S
SR
$ Et.i_t
. .
R
L :.l'f".
SRR
o
- .! - - .
5 AN
e
- )
' . - -.-‘ - -'
o
= :35': s; .
N ) -
- R
N R AR
. A
) r- o
S 2o
2 Y E o
. .:‘. .‘
2
) .
W .%* :
T
"iﬂ_-;t'-'i;i'i'f'q‘i i*-i- i_-r .}1- - q-'- 1;1'1;1-'1;1- II;#.i;i..;i;llﬁillli;‘lll.i.‘#.:;_i.l:;#.i;il ;-.#.-.1.‘!.1;1 i;_#.:.;ll.l;ll.-;i ) q-il- til-'i;i':;-r'i;-r'-'1;:-'{#'#;-'1;1'1;1 -:-;1.1;1.{.11..-:.1ill.1-;.ll.ll.‘ll.:._1.-:;1.i;#.. 1-":-'1-'.:-'1-'1-'1;1-'i;q-'-:;i'i;l-'p'q-;:-'i'il-'-r:.l-'q;-r'n:;q-'i.-r:il-'-r;:-'q-'.:'1;1'1;_1'-;#'-:;1-'- i‘p q-.:-'q-'il-'i'il-'q;i'q;-r'-'1-'-'i;:-'q;:-'ﬁlh:-'q;t'i;i':;i._-}t._- Ir-: 1% e
. “ ...... i, * . A . ! . _1 R :.
o e - re L e e e -
o o R i <3 2y i . et o
s e RO B - e ) T e '

f SRR LY

L X
TRy

. I',.:
SONSS L LE TR e

'-".*'.ﬂf":".'. '

ReU T Wb W SN S

]
.'.

A
*’:,?

. ... .‘. :‘..

i B

A A A
A RO A A i AR M
PO 2 . T :

»

LA AR

‘a
. LI ]
Sy

» &

L B

Lk |
x e 2
'I.'l.

14
I.. ‘I.

bl

'Il;- "

US 9,692,075 B1

cale

2-Thets - &¢



U.S. Patent Jun. 27, 2017

Sheet 9 of 10 US 9,692,075 B1

*Iublu#l*l*l#l*l*hbl*l*l#l*l*l

. ip 4 1 &0 r | & wa
N NN R e M
- L L] L]
mw el we Tl NS -+
'.*..'.::f..::'.:."f.'..-.:"-f*{w- ‘
“"E‘Lr‘*"'.‘. Lo m e e . -
L R R al N
.I.‘.
'
s B
L e T a g g gy g By Pig g U
S T T e Ty
L i i e i
A A A Xk Kk h
b#######mik###-
Bl g K xe
P ey oy Pl ol -
e N o WA A Cal
w L A A
S P
Lol Pl ol o of o
- a P
Sy Pl
N Al .
Al el - Yo e - -
N ool R g Lt
Pl X
B Pl
P X
S Pl 3
s X e ar ar ur
S P
s e .
- xRy X R xSk xw »
Pl P N
e s P .
W ar e P
-lk&k#mlrklkkkl
Ll oy X
. . . . . . . . . . .. . Bt Pipi it P
ik i Wy o g s
=k kA k kA kA ‘#."‘."‘.ﬁﬂ A o S N N Nt B M -
. '_'I;lr -;i LR I|Il-.: . . - -’ W . - UMM Y B, o .
R NI IR e B LT Ny e e e L N o
Woara e N R R R F ar ar iy dr - e
e Rl g . N
e e e e e -L q-*:'-
o o g g g g g g P LA
'I*b*b*b*b*b*b*b*b*b*b*b*b*b*b*b*b.' :
o
e e e e -
S e e e e N
B i i e
o g g g g g
e N o
e Tar e e e e ey e -
N N N N N NI
Ll L A A A Al A e
M - & & K i X & i & &k X i b
o ettt o NS oo o RO
.1 .|'.|'|'.| _n_E_1_0_1 II-I.-I X .".'.‘!-WI P -lr*#*#*#* *****#*Jr*#*#*#*#*#. -I.
- ;W A ' Tt O il
- . e LT - a ot 3
S e e e '-m_%:;:m‘ e -:4-:#:4-} 'r:lr:lr:lr:lr:lr:i
B R ) - . B L o L L - . . . . . - X P
L Ak aw T . Pl ki
YO RL W - . T Tt e *
. - LR S . . S N B
) TR v ..".."..".."..".. "i"‘%"‘m _ *Jr*#*#*#* A #*#*Jr*#*ﬁ'*‘r. )
- S Pl
S T e N M as P N
. v .
S o et L
N Ty Pl S .
L Pl o
S e K e U
N A N L N N
Wl P e
- . :
) b:a-:k:a-:a-* waty 'rlr*lr:k:lr:lr:lr:lr:lr. . -
Ll s Pl el
SR P o
w Ty Pl ol o sl
-y Pl e
Pl Ca N N
- a P
wla ar e - a
S Ca Lt
wla iy Ll el
B ar P
P Pl o o
S a a3
W Ty e e e R L dr r ae r d r -
e A A A A A A A
i .
w i e i e i e e e e e e e e B e .
L |.*|. |.‘.|. Mt |.#|. L Pl . N ', b******* 'rJ,- k****************..
A Lgpoa - N -
v - ';;n-" C S . Sy Pl N
R i AT T e M NN
P e T e T e e .
S Ea ol L
w o ar T B o T T - .
S P A
w Ty -
-y Lo ' x r x aw
¥ .
e b e
ol o e Y
Wl ar A a a Cl
- a T a P
P e d e
S e a
w i o ar g -
T e T e e T e e e
A A R kR . -
Lo o o o U U -
'I*b*b*b*b*b*b*b*b*b*b*b*b*b*b*b*l.'
U e et ' )
- .-.--m - . -
. . . Nl . .
".""QM. P -
-“‘,M,,w___ .
. Y w pn,u -
e e e S ’ T RN EE RN ’
- -I.-I'l'l'l'l'l'l'l'l'l'l'l'l‘l* - SRR . - .
wihataty _il_i.i_t.t_t.i_i.#‘l,‘l_'l,'l‘l,'l,'l.‘l‘l,'l'l‘.‘.‘.‘.‘.‘.‘.‘.‘ . )
-.-.....-.-.-.....-..-..-hM-'."""""I"'I-.
- - " * & .
o .%',. -
Lt Com . .
. . . . . . . . . 1'%‘..."
e e e e ,‘,'.".".".'\_"\.i..'."'.'." . .
. .l_-l_'l'l'l'l'l'l‘#.'.'."i:l LIC I I T S ] "‘-"-"-"-"-"-"-"-"-“1 s . . . ‘..
ettt :‘u""""‘u'w e . " = m om = om omoEom o oE oW EoE &
i N N P [ el e e e e T T I . . e e e e R EEEEEEEE R
L o a'e A . Dttt il bl S R O A R -
. T
. A L .
) ' h- . L] I-I# " " n . .
. . i -
i e SO
A e T Lo .
- . LI N O S T .
- L ] . ¥ kS [ ]
it - S Co S -3
. - . . . - 'I--
S . e ,”“,TM-.-.-.-.‘""."i'l":.'. )
' . R R R R R R i i kbt .
A " e T L R N N N N N N N N N I ] -
T e e Sy R, B e e i kR T T . . . . . B T ¥
. Ty '-I'-., Ve A A AL A LR LR N - ‘e i L.
1.:- .|- " r Thaw ..y ﬁ"‘m [ P P
Lo . L e |y, oAy,
) . - b- = .
""'
e
L
LN "'l‘l‘ - .
. o :
e e '’ [ m
' s . .
I e e
*.
I--
’ '..-..-.-.....-. |.I-I.-II--I.-.-+ N_ ik
i-* . R
. LR R R R R R .
. . . . . . . . - . 'l_l_'--liiliu_ﬂl' v
Tty i L L 1t P e . . -
1 i iy e i e e e .
--_-::-ra-:'a-_ . _‘,l.,.. Rl ........m.f,_.,_,_.,_.._.,_,_ e . T T
. P . ST . e . .
-m-' . .. . -
L :"'."'.W..*_L..h P
..m-,..'. .....-
'I.ﬂ-l
-
B -
h [“al ] -,
; LRk x| L
Nk k .
. . .'\-‘..'\"\.’"‘1-.‘-.‘-..-.#.' - [l -.|. P
.. . . . . . . C .‘.*..i'l'l-......"\‘-. T, .
. .. i e e T T T A e . . ..
T W'.'-“-“-“-“-“-“-“-“-“-“-“n“-.-------.
' S LTS R R A G EE Ty e
L. _W.'.'.ﬂ%ﬂ'ﬁﬁ'. . e
L S N . . . . L. . .
L] n | I | Ll .
'-"l"!'F.l.f' = [ B TN L T N WL T L TR TR .
L) * - & - - Rk r L] -.‘....-.****"\""'\."\"‘\"\‘-. .
- . . . e r . i . . . B o . . . .
L g e W
o l' l.. i_ et TRERRRRE b o et R - - AN
. I,W . P . . . .
. LR P P N N N T T )
----.-I-.I-‘_'h".q.'i_.-:'q.q_j.q.q "w - - LI I L R L A
TEFE A . .
. L. ...
I..-
- . -
o .. .%#‘, T,
. . . . . ............---.,,‘---‘-‘*ﬂ.'.'.".......
) [Py * # ‘ ‘ # --- '-'-'-'-'-'-'-.I..I..I-.I..I..I-.I..I..I‘I‘I‘I ‘I‘I‘I‘I‘I‘I ‘I..-'- '-'-'- '-'-'- '-'-' - . . " l- ' - " . . [ [ n [ [ n [ [ n [ [ n [ [ n [ [ n [ [ n [ [ n [ [ n [ .
. e e A B E e wwwww i om i owow meTET T T T T T e T e T T L L
o rmerene s e e e e E e e e e T bt R T T, L. . .o PR .
- .'.'"' III - 'll"ll - '...' - "% L .-illﬁI.-bll-ﬁll-ﬁl#‘-bll-ﬁll..-l.-l.-I.-I.-I.-I.-I.'I.'.'I.'.-I.-I_|"|"a"a"a'1-'4"4"a"a"u"a"a"a"q"q"q'|#;'Li:-l.i:'l-:iht:.l.'.-";'.-‘ ".‘" ".‘" "'1" ".‘" .'..".l*-.- m T mE R e s e b e aeaea . :'..:'..:'|.:'|.:'n.:'..:'.,'l.,'l.,'l.,'l..:'|.:'.,'l.,'l.,'l.,'l.,'l.,".,".,".,".,".,".,".,".,".,".,".,".,".,'l.,'l.,'l.,'l.,'l.,'l.,'l.,'l.,'l.,'l.,'l.,'l.,'l.,'l.,'l.,'l.,'l..'l..'ll'l.'l.'l_ .
: . IIllllli"""""'-----‘ ." .
N oty 'I.A,t‘q.-_:’-. 5
. L E X K XK K R & & R X & X B X K K K K XK K I - [
. A
e
-
, T . -
. K Chal b Palf
A
325 .
. et - .
- . ) -'*
p7e 3
_.a. %
-m. I'I‘-
'n ’ o
G wt-
. ..
. o Caa
"..'.'.'l':".‘~-. . l'.‘.'l':" - L ) 'hbh'l'lﬁ ."hl.l"l-'."lﬁ"".""""‘."".'l‘".'h.hb.'.'.'J".":'.'.ﬁl'l—‘.l'.'hb.::'.'h.l'.-.".‘;' "l':.'. h-.'.‘hl'k'l'l3."".-"".'. .'l"..'.‘:".‘ .'l l".‘:‘b"‘.l et '.'.'j-lbl-l'l‘.-.'l".'l-l'. ] .‘r"‘
|. '." l-'- - "- -F "l. a4, .|'_ .l . ® --'- '.l k - ’ - .l " - :J T ‘q- 1.:- "I u " g .1- r - 4, X .l IJ- » .I- ¥ * ‘|. --T- [ ] ¥ iy,
u ) . . " n - . , . ! K3 ~ ",
o 4
' -
--.#I.‘ ‘I'I.-- " h I.'..
L - el




US 9,692,075 B1

Sheet 10 of 10

Jun. 27, 2017

U.S. Patent

'1

0

600

bar

nin

L

i

n

-

S.
H

-
]
"

tIC
N
d .
i R R |

}f
ST

&
current d

current. d

cetl volis

5.

@ power
v

.l_.'

-

«
21

oA} SERRDA 1PU

2.4

3.3

(8504}

Cureent fensity

FiG. 9

&l

froba
£

site anod

$

A

5

arad alec

{.

H

b o

N

ﬂ.-h

T rr

¥ ia
G

t!
¥ B2
-B2Y ¢

b
b
L

e PR
B

K
"
I-
"
"
I-
"
. om .
LB L] i ¥
. - F
.y -_- LA
LM ma
). T S
I l HEEN Ll
] RN B
HHHR“I“H"H“I" i ...Hl.
oA xRl I i
lPFHHFFPH"I”H”H”H”IHI"H"I E‘il.
L] - HPIHHFHPHHHFFHR HFHHRHHHI
E N A
g i i
III L] UHPH.?PUHUHHPU HFH?F
k.
P

::EEE.-,.-.*. .

o e o e o o
> A A A AL A R e

L o

I .q .q.a_-. | rxrxrxrxxrxrxxxrxxn:nnnxxxnannna

B ....“.."..m.u.w e

"I!

S S e
'.}. MM N N AN Hﬂﬂﬂﬂllllﬂv

X AEREN XX X
IH“H“?“P“HHH“HIIHH”HHI”H“HH
A REXNEAXRELESXEX XXM
MR N M AN N A N
HHHHPHHIFHPPHHIIIHHHFHHHHII

ll! K

SR R R A NN AR

.amwm.".

»
L ]
LB I ]
L ]

o R
L
R e %
N .rm"" R walal
EEXNEREXRE |, 4 [, W,
P e e e ] R
ERENXEX X - [,
e xul“nnxr
XXXERXMN N
e o e o g
x 2 K n_N X N X X | |
HHHHII HIHHIHHIHH HHHHHII lﬂﬂ
L e _E | ] X X2 H RN
e e
R
R
#..“"“.".".. :
H“I"HIHHI
lllllll



US 9,692,075 Bl

1

MULTI-LAYERED PROTON-CONDUCTING
ELECTROLYTE

STATEMENT OF GOVERNMENT INTEREST

The United States Government has rights 1n this invention

pursuant to Contract No. DE-ACO02-06CH11357 between
the United States Government and UChicago Argonne, LLC

representing Argonne National Laboratory.

FIELD OF THE INVENTION

This invention relates to proton-conducting composite
clectrolytes. More particularly, the mvention relates proton-
conducting composite electrolytes comprising layered metal
oxide films, suitable for use, e.g., 1n mtermediate tempera-
ture fuel cells.

BACKGROUND OF THE INVENTION

Oxide proton conductors are of great interest for their
application 1n solid oxide tuel cells. Yttrium-doped barium
zirconate (BZY ) has high grain (bulk) proton conductivity at
intermediate temperatures (e.g., 400-600° C.), and 1t has
good chemical stability toward moisture and carbon dioxide.
However, 1t 1s dithicult to sinter BZY to high densities, and
it has high grain boundary resistivity. BZY requires very
high sintering temperature (=z1600° C.) to obtain high den-
sity (1.e., a low-porosity or nonporous {ilm). The use of high
sintering temperatures can increase density and enhance
grain growth, which reduces the number of grain boundaries
and 1ncreases the grain boundary conductivity, thereby
increasing the total conductivity of BZY. High sintering
temperatures, however, can promote deleterious chemical
reactions between BZY and 1ts electrodes. It can also accel-
crate the evaporation of barium oxide, which degrades the
clectrolyte’s conductivity.

Yttrium-doped bartum cerate (BCY') has the highest total
conductivity among the reported perovskite oxides and has
good sinterability (i.e., 1t can be sintered at relatively low
temperatures=1400° C.). In spite of 1ts favorable transport
properties, BCY has poor chemical stability toward CO, and
water, which are present 1n fuel cell anode gas. There 1s an
ongoing need for proton-conducting ceramic electrolytes
and anodes for fuel cell applications, which have favorable
transport and chemical stability properties. The solid elec-
trolytes and electrodes described herein address this need.

SUMMARY OF THE INVENTION

Multi-layered dense composite electrolyte films for use in
conjunction with intermediate temperature fuel cells are
described herein. The electrolyte films combine BZY’s high
proton conductivity and good chemical stability with BCY’s
favorable transport properties and good sinterability. The
composite electrolyte film comprises a layer of dense (i.e.,
substantially nonporous) BZY, optionally including one of
more another metal besides Y, Ba, and Zr (e.g., a lanthanide
metal such as Pr), and a layer of dense BCY, with an
interfacial layer 1in between. The interfacial layer 1s a solid
solution of the BZY and BCY electrolytes, also referred to
herein as “BZCY”. The solid solution 1s formed from the
reaction of the BZY and BCY layers during sintering of the
composite to convert green (1.¢., unsintered) BZY and BCY
precursors mto dense BZY and BCY layers. The electrolyte
film 1s supported on a porous anode substrate forming a
layered assembly, such that the BZY layer contacts the
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2

anode substrate and the BCY layer 1s separated from the
substrate by the intervening BZY layer and BZPY interfacial
layer.

The anode substrate comprises a porous ceramic material
that 1s stable to the fuel source, carbon dioxide, and water
under the fuel cell operating conditions (e.g., BZY), and
which includes an electrically conductive metal, metal oxide
and/or a combination of metal and metal oxide (e.g., Ni,
Ni10, etc.) dispersed within the porous ceramic materal.

For convenience, the term “BZY” as used herein refers to
yttrium-doped barium zirconate, as well as yttrium-doped
bartum zirconate that also includes one or more additional

metal, such as praseodymium-containing BZY, also referred
to as BZPY. The term “dense” as used herein 1n reference to
a metal oxide film or layer, means that the film or layer 1s
substantially nonporous, and 1s not meant to refer to a
specific mass density, as 1s well known to those of ordinary
skill m the solid oxide fuel cell art.

For fuel cell operation, the chemically stable BZY layer 1s
located at the anode (fuel) side of the fuel cell, 1n contact
with the porous anode substrate, where CO,, (e.g., generated
from a hydrocarbon fuel) and H,O typically are present
during fuel cell operation. Consequently, the BCY side of
the electrolyte 1s located at the cathode (air) side of the fuel
cell. The BZY layer acts as a barrier to protect the BCY layer
from detrimental contact with CO, and H,O, and the BCY
layer enhances the conductivity of the electrolyte relative to,
c.g., BZY. Thus, the multilayer design described herein
ameliorates the chemical instability associated with BCY
when 1n contact with carbon dioxide and water (due to the
dense BZY barrier layer), while taking advantage of the
favorable transport properties of BCY.

The following selected, non-limiting embodiments are
provided to 1llustrate certain aspects and features of the solid
clectrolyte film materials described herein.

Embodiment 1 comprises a multilayer fuel cell anode/
clectrolyte assembly comprising a porous ceramic anode
substrate comprising an electrically conductive metal and/or
metal oxide dispersed 1in a porous ceramic matrix; and a
layered solid electrolyte 1in contact with the anode substrate.
The layered solid electrolyte comprises (a) a first dense layer
having an mnner surface and an outer surface, the first dense
layer comprising vyttrium-doped barium zirconate (BZY),
and optionally another metal 10n besides bartum, zirconium,
and yttrium, wherein the mner surface of the first dense layer
1s 1n contact with a surface of the anode substrate; (b) a
second dense layer comprising yttrium-doped barium cerate
(BCY); and (¢) an interfacial layer between and 1n contact
with the outer surface of the first dense layer and a surface
of the second dense layer. The interfacial layer comprises a
solid solution of the BZY and the BCY. The metal and/or
metal oxide of the anode facilitates electrical conduction in
the anode and 1n some cases can act as a catalyst for redox
reactions of a fuel such as hydrogen and/or a hydrocarbon
during operation of a fuel cell comprising the anode/elec-
trolyte assembly. The first dense layer and the interfacial
layer prevent contact between the second dense layer and the
porous substrate.

Embodiment 2 comprises the multilayer fuel cell anode/
clectrolyte assembly of Embodiment 1, wherein the first
dense layer comprises a prascodymium-containing yttriums-
doped barium zirconate (BZPY).

Embodiment 3 comprises the multilayer fuel cell anode/
clectrolyte assembly of any one of Embodiments 1 or 2,
wherein the anode comprises N1, N1O, or a combination
thereol, dispersed in a porous ceramic matrix.
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Embodiment 4 comprises the multilayer fuel cell anode/
clectrolyte assembly of any one of Embodiments 1 to 3,
wherein the anode comprises a porous N1O-BZY ceramic
material.

Embodiment 5 comprises the multilayer fuel cell anode/
clectrolyte assembly of any one of Embodiments 1 to 4,
wherein the first dense layer has a thickness in the range of
about 0.1 micrometers (“um”) to about 20 um.

Embodiment 6 comprises the multilayer fuel cell anode/
clectrolyte assembly of any one of Embodiments 1 to 5,
wherein the second dense layer has a thickness in the range
of about 0.1 um to about 20 um.

Embodiment 7 comprises the multilayer fuel cell anode/
clectrolyte assembly of any one of Embodiments 1 to 6,
wherein the porous substrate has an average pore size in the
range of about 0.2 um to about 5 um, as determined by
scanning electron microscopy (“SEM™).

Embodiment 8 comprises the multilayer fuel cell anode/
clectrolyte assembly of any one of Embodiments 1 to 7,
wherein the porous substrate has a porosity in the range of
about 10% to about 40%, as determined by SEM.

Embodiment 9 comprises a multilayer fuel cell electro-
lyte/anode assembly comprising a porous N1O-BZY anode
substrate; and a layered solid electrolyte comprising: (a) a
first dense layer having an inner surface and an outer
surface, the first dense layer comprising yttrium-doped
bartum zirconate (BZY), wherein the inner surface of the
first dense layer 1s 1n contact with a surface of the substrate;
(b) a second dense layer comprising yttrium-doped barium
cerate (BCY); and (c¢) an interfacial layer between and 1n
contact with the outer surface of the first dense layer and a
surface of the second dense layer, the interfacial layer
comprising a solid solution of the BZY of the first dense
layer and the BCY; wherein the first dense layer and the
interfacial layer prevent direct contact between the second
dense layer and the porous anode substrate.

Embodiment 10 comprises the multilayer fuel cell anode/
clectrolyte assembly of Embodiment 9, wherein the first
dense layer, second dense layer, and interfacial layer
together have a combined thickness 1n the range of about 0.2
um to about 40 um.

Embodiment 11 comprises the multilayer fuel cell anode/
clectrolyte assembly of any one of Embodiments 9 or 10,
wherein the first dense layer has a thickness in the range of
about 0.1 um to about 20 um.

Embodiment 12 comprises the multilayer fuel cell anode/
clectrolyte assembly of any one of Embodiments 9 to 11,
wherein the second dense layer has a thickness in the range
of about 0.1 um to about 20 um.

Embodiment 13 comprises the multilayer fuel cell anode/
clectrolyte assembly of any one of Embodiments 9 to 12,
wherein the porous anode substrate has an average pore size
in the range of about 0.2 um to about 5 um and a porosity
in the range of about 10% to about 40%, as determined by
SEM.

Embodiment 14 comprises a multilayer fuel cell electro-
lyte/anode assembly comprising a porous N1O-BZY anode
substrate; and a layered solid electrolyte comprising: (a) a
first dense layer having an inner surface and an outer
surface, the first dense layer comprising praseodymium-
contaiming yttrium-doped barium zirconate (BZPY),
wherein the mnner surface of the first dense layer 1s 1n contact
with a surface of the substrate; (b) a second dense layer
comprising yttrium-doped barium cerate (BCY); and (¢) an
interfacial layer between and in contact with the outer
surface of the first dense layer and a surface of the second
dense layer, the interfacial layer comprising a solid solution
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4

of the BZPY of the first dense layer and the BCY; wherein
the first dense layer and the interfacial layer prevent direct

contact between the second dense layer and the porous
anode substrate

Embodiment 15 comprises the multilayer tuel cell anode/
clectrolyte assembly of Embodiment 14, wherein the first
dense layer, second dense layer, and interfacial layer
together have a combined thickness 1n the range of about 0.2
um to about 40 um.

Embodiment 16 comprises the multilayer fuel cell anode/
clectrolyte assembly of any one of Embodiments 14 or 15,
wherein the first dense layer has a thickness in the range of
about 0.1 um to about 20 um.

Embodiment 17 comprises the multilayer tuel cell anode/
clectrolyte assembly of any one of Embodiments 14 to 16,
wherein the second dense layer has a thickness in the range
of about 0.1 um to about 20 um.

Embodiment 18 comprises the multilayer tuel cell anode/
clectrolyte assembly of any one of Embodiments 14 to 17,
wherein the porous anode substrate has an average pore size
in the range of about 0.2 um to about 5 um and a porosity
in the range of about 10% to about 40%, as determined by
SEM.

Embodiment 19 comprises a fuel cell comprising a porous
cathode and an anode/electrolyte assembly of Embodiment
1, 1n which a gaseous fuel comprising a hydrogen, a hydro-
carbon (e.g., methane, ethane, propane, etc.) or a combina-
tion thereol contacts the porous anode of the assembly, an
oxygen gas source (e.g., air) contacts the cathode, and the
tuel cell 1s maintained at a temperature 1n the range of about
400 to 600° C. during the operation thereof.

Embodiment 20 comprises the solid oxide fuel cell of
Embodiment 19, wherein a majority of the fuel 1s hydrogen
or methane.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A schematically 1llustrates a porous fuel cell anode/
clectrolyte assembly as described herein.

FIG. 1B schematically illustrates a fuel cell comprising
the anode/electrolyte assembly of FIG. 1A and a porous
cathode.

FIG. 2 provides scanning electron micrographs of a
BCY/BZY composite film on a porous N1O/BZY substrate;
Panel A shows a fracture image, and Panel B shows a surface
image.

FIG. 3 provides scanning electron micrographs of a
BCY/BZPY composite film on a porous BZY substrate;
Panel A shows a fracture image, and Panel B shows a surface
image.

FIG. 4 provides a scanning electron micrograph of a BZY
fracture film on a porous N1O/BZY substrate; the film was

sintered at 1500° C. for 5 hours 1n air (compare to the dense
BCY/BZY composite film that was sintered at 1400° C. 1n

FIG. 2).

FIG. 5 provides a scanning electron micrograph of a
BZPY fracture film on a porous BZY substrate; the film was
sintered at 1350° C. for 5 hours 1n air. (compare to the dense
BCY/BZPY composite film i FIG. 3).

FIG. 6 A provides an X-ray powder diffraction spectrum of
BaZr, .Y, .0, (BZY).

FIG. 6B provides an X-ray powder diflraction spectrum of
BaZr, .Y, ,O; (BZY) exposed to moist shale gas (1% CO.,
4% C;H,, 15% C,H,, 80% CH,) at 500° C. for about 100
hours.

FIG. 7TA provides an X-ray powder diffraction spectrum of

BaCe, -Zt, Y, .05 (BCZY-1).
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FIG. 7B provides an X-ray powder diflraction spectrum of
BaCe, ,Zr, , Y, ,0; (BCZY-1) exposed to moist shale gas
(1% CO,, 4% C H,, 15% C,H,, 80% CH,) at 500° C. for
about 100 hours.

FI1G. 8A provides an X-ray powder diflraction spectrum of
BaCe, ;7r, 1Y, ,O; (BCZY-2).

FIG. 8B provides an X-ray powder diflraction spectrum of
BaCe, 71, Y, .05 (BCZY-2) exposed to moist shale gas
(1% CO,, 4% C H, 15% C,H,, 80% CH,) at 500° C. for
about 100 hours.

FIG. 9 provides cell voltage vs. current density plot
(downward-sloped curve) and power density v. current den-
sity plot (parabolic-shaped curve) for a fuel cell as described
herein.

FIG. 10 provides a facture surface SEM image of the fuel
cell referred to 1n FIG. 9, after fuel cell operation.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

An exemplary multilayer, porous anode/electrolyte
assembly of the present invention comprises a porous
ceramic anode substrate and a layered solid electrolyte
contacting the anode substrate. The layered electrolyte com-
prises a first dense layer having an inner surface and an outer
surface, the first dense layer comprising yttrium-doped
bartum zirconate (BZY), and optionally another metal 10on
besides barium, zirconium, and yttrium, and a second dense
layer comprising yttrium-doped barium cerate (BCY), with
an 1nterfacial layer between the two dense layers. The
interfacial layer comprises a solid solution of the BZY and
the BCY (also referred to herein as “BCZY™). The porous
anode substrate comprises an electrically conductive metal,
a metal oxide, or combination thereof, dispersed in a porous
ceramic matrix. One surface of the BZY layer (first dense
layer) 1s 1n contact with a surface of the anode substrate and
acts as a barrier to prevent contact of the BCY layer (second
dense layer) with water and carbon dioxide, which at typical
intermediate temperature fuel cell operating temperatures
(400 to 600° C.) will decompose BCY. Thus, the anode/
clectrolyte assemblies described herein take advantage of
the favorable proton transport properties of BCY, while
avoiding the chemical instability BCY. The metal or metal
oxide of the porous substrate provides electronic conduc-
tivity and 1n some embodiments can act as a catalyst for
redox reactions occurring at the anode.

The porous anode substrate comprises at least one porous
proton-conductive ceramic material that 1s stable to carbon
dioxide and water, such as BZY, yttrium-doped strontium
zirconate (SZY), and the like, as well as a conductive
material such as a metal and/or metal oxide (e.g., a main
group metal, a transition metal, a lanthanide metal, a rare
carth metal, an alkaline earth metal, and/or an oxide of any
of the foregoing metals). In some embodiments, the con-
ductive material includes N1, N1O, or a combination thereof.
Besides providing electrical conductivity in the anode, the
metal and/or metal oxide can 1n some cases catalyze redox
reactions of the fuel during operation of a fuel cell com-
prising the anode/electrolyte assembly. For example, Ni
and/or N1O can catalyze conversion of hydrogen and/or a
hydrocarbon fuel such as methane, ethane, propane, and the
like.

As non-limiting examples, the porous anode substrate can
comprise a porous Ni1-BZY cermet substrate, a porous
Ni1-SZY cermet substrate, a porous Ni1-BZY-SZY cermet
substrate, a porous N1O-BZY substrate, a porous N10O-SZY
substrate, and the like. Optionally, the metal or metal oxide
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ol the substrate can perform other functions, such as e.g., to
inhibit N1 particle growth, to passivate the N1 surface, or to
provide other beneficial properties. Non-limiting examples
ol metals and metal oxide materials that can be included 1n
the anode 1nclude such as nickel, copper, tungsten, bismuth,
aluminum, titanium, chromium, scandium, vanadium, tan-
talum, manganese, lanthanum, niobium, etc., and oxides
thereof. In some embodiments, one metal or metal oxide can
provide electrical conductivity, while a different metal or
metal oxide may provide catalytic activity. The anode should
have some degree of proton conductivity (e.g., provided by
the ceramic matrix) and some electrical (electron) conduc-
tivity (e.g., provided by the metal or metal oxide compo-
nent).

The porous substrate typically has a thickness 1n the range
of about 50 pum to about 2 millimeters (e.g., about 1
millimeter). In some embodiments the porous substrate has
an average pore size in the range of about 0.2 um to about
5> um as determined by SEM, and a porosity in the range of
about 10% to about 40%, also as determined by SEM.

In some embodiments, the BCY layer has a thickness 1in
the range of about 0.1 to about 20 um (e.g., about 4 um to
about 6 um), and the BZY layer has a thickness 1n the range
of about 0.1 to about 20 um (e.g., about 4 um to about 6 um).
The interfacial layer 1s a solid solution formed at the
interface between the BZY and BCY layers during sintering.

The dense multi-layered films of BCY/BZY and BCY/
BZPY can be fabricated at much lower sintering temperature
(e.g., =1400° C.) than dense BZY alone. The multi-layered
clectrolyte design described herein provides the high proton
conductivity of BCY as well as high chemical stability of
BZY for tuel cell electrolyte applications, and 1s suitable for
practical intermediate temperature solid oxide fuel cells to
produce stable and high power density.

FIG. 1A schematically illustrates one embodiment of an
anode/electrolyte assembly of the present invention. Fuel
cell anode/electrolyte assembly 1 comprises a porous
ceramic anode 10, which comprises a metal, metal oxide, or
combination thereof, dispersed in a porous, proton-conduc-
tive ceramic matrix. Anode 10 contacts a layered solid
clectrolyte comprising a first dense layer 16, having an inner
surface 18 and an outer surface 20. First dense layer 16
comprises vyttrium-doped barium zirconate (BZY) and
optionally another metal 10n besides barium, zirconium, and
yttrium. Inner surface 18 i1s 1n contact with a surface 14 of
anode 10. A second dense layer 24 comprises yttrium-doped
bartum cerate (BCY). An interfacial layer 22 1s situated
between first dense layer 16 and second dense layer 24.
Interfacial layer 22 comprises a solid solution of the BZY
and the BCY situated between first dense layer 16 and
second dense layer 24, with interfacial layer 22 contacting
outer surface 20 of first dense layer 16. First dense layer 16
and interfacial layer 22 prevent direct contact between the
BCY of second dense layer 24 and porous anode 10.

When the anode/electrolyte assembly 1s used 1n a solid
oxide tuel cell, first dense layer 16 and intertacial layer 22
act as a barrier to prevent the BCY of second dense layer 24
from coming into contact with carbon dioxide and water
generated during operation of the fuel cell. FIG. 1B sche-
matically 1llustrates the assembly of FIG. 1A mcorporated in
a Tuel cell 2. Porous cathode 32 contacts second dense layer
24 of the eclectrolyte. Hydrogen fuel 34 1s supplied into
porous anode 10, and oxygen 36 (e.g., from air) 1s supplied
into porous cathode 32. Optionally, the hydrogen can be
replaced or supplemented with a hydrocarbon fuel (e.g.,
methane). Fuel cell 2 1s maintained at a temperature 1n the

range of about 400 to about 600° C. When a load 38 1s placed
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on the cell, protons 40 are generated within porous anode 10,
a current (e-) flows from anode 10 through load 38 to
cathode 32, and oxygen anions 42 are generated within
cathode 32. Protons 40 migrate through electrolyte layers
16, 22, and 24 into cathode 32, where the protons 40
combine with oxygen anions 42 to form water 44.

BZY, BCY, and BZPY, as well as other related barium
zirconates and barium cerates, can be prepared by combus-
tion synthesis techniques that are well known to those of
ordinary skill 1n the solid oxide fuel cell art. Combustion
synthesis techniques, such as the so-called glycine-nitrate
process, produce submicron-size, homogeneous particles of
mixed oxides that promote densification without the need to
sinter at high temperatures or to use sintering aids. In
combustion synthesis, the appropriate amounts of nitrate
salts of the constituent metal cations (based on the target
metal cation ratios in the material) are dissolved 1n water
along with a fuel source such as glycine, hydrazine, or citric
acid. The solution 1s heated to evaporate the water, and
subsequently, the nitrates react with the fuel source, result-
ing in rapid combustion, which yields the targeted oxide
(typically within minutes). Because the reaction 1s so fast
and evolves a large volume of gaseous byproducts, particle
growth has little time to occur and 1s disrupted by the
evolution of gas. Consequently, the mixed oxide product 1s
a fine-graimned powder that 1s easily sintered at moderate
sintering temperatures (e.g., 900 to 1300° C.). The phase
purity of the metal oxide powder can be checked by x-ray
diffraction methods.

A porous ceramic anode substrate, such as a BZY or
N1O/BZY substrate can be prepared from a powder mixture
of the desired metal oxide or metal oxides and a powdered
carbon material such as lampblack, as 1s well known to those
of ordinary skill 1n the solid oxide fuel cell art. Optionally
a binder can be added to the mixture, as well. For example,
inorganic binders (e.g., sodium silicate, magnestum alumi-
num silicate, bentonite, and the like), organic binders (e.g.,
polyvinyl alcohol, starches, carboxymethylcellulose, dex-
trin, wax emulsions, polyethylene glycols, lignosulfonates,
methylcellulose, paratlins, polyacrylates (e.g., sodium and
ammonium salts of polyacrylate acid and polyacrylate
esters), and the like), or a combination of i1norganic and
organic binders can be used. The mixture 1s ball-milled 1n a
volatile liquid such as 1sopropyl alcohol using a ball-milling
medium such as zirconia medium for a period of time
suilicient to achieve the desired particles size. After milling,
the liquid 1s then removed by evaporation, filtration, or a
combination thereof. The resulting dried powder 1s then
pressed 1nto a suitable anode form, such as a disk and 1s then
partially sintered 1n air at a temperature appropriate to the
particular target ceramic (e.g., 900 to 1300° C.). Combustion
of the carbon 1n the mixture results 1n a porous product. For
example, to prepare a porous N1O/BZY substrate, a powder
mixture of BZY, Ni10O, carbon lampblack, and a binder, such
as polyvinyl alcohol (PVA) or methylcellulose, 1s ball-
milled 1n 1sopropyl alcohol using zirconia media (e.g., 5 mm
to 20 mm diameter zirconia particles) for about 10 to 24
hours. After milling, the 1sopropyl alcohol 1s evaporated, and
then the dried powder 1s sieved to a desired particle size. The
sieved powder 1s then umaxially pressed 1nto a disk or other
form, and 1s partially sintered for about 5 hours at about 900
to about 1225° C. 1n air.

The dense, thin film electrolyte layers can be fabricated
using a colloidal coating process. The colloidal coating
process uftilizes a colloid of the metal oxide (e.g., BZY,
BZPY, or BCY) which 1s prepared by dispersing the metal
oxide powder 1 a liquid such as 1sopropanol, at a solids
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concentration of about 10 to 40 g/L. To fabricate a layered
BCY-BZY film, a BZY film 1s first deposited from a BZY

colloid onto the partially-sintered porous substrate by dip-
ping the substrate mmto a BZY colloid or using another
appropriate coating method (e.g., draw coating), and then
removing the liquid, e.g., by evaporation, leaving a thin film
of the metal oxide on the substrate. The depositing and
drying can be repeated as many times as necessary to
achieve a target layer thickness (e.g., about 0.1 to about 20
um). The BZY coated substrate 1s then coated with BCY 1n
the same manner, and then the multilayered BZY/BCY
coated substrate 1s sintered (e.g., at about 1350 to about
1485° C.) using heating and cooling rates of, e.g., 180°
C./hour.

Example 1. BZPY Synthesis

Powders of BaZr,.Y,,0O, (BZY) and BaCe, .Y, -0,
(BCY) were purchased from Praxair Specialty Ceramics. A
powder of BaZr,-Pr,,Y,,0, (BZPY) was prepared by
combustion synthesis from a mixture of barium nitrate,
Zirconium nitrate, praseodymium nitrate, and yttrium nitrate
at about 800° C. 1n air using glycine as a fuel. The phase
purity of the BZPY powder was checked by x-ray diffrac-
tion. BZY and BCY can also be made using the combustion
synthesis technique.

Example 2. Porous Substrate Synthesis

A porous BZY substrate was prepared from a powder
mixture of about 100 grams of BZY (Praxair Specialty
Ceramics) and about 11 grams of carbon lampblack (Fisher
Scientific). The mixture was ball-milled 1n 1sopropyl alcohol
(about 100 mL) using a zirconia medium (about 200 grams,
about 5 mm particle size). After milling for about 12 hours,
the 1sopropyl alcohol was evaporated, and the dried powder
was uniaxially pressed into a disk. The disk was then
partially sintered for about 4 hours at about 1100° C. 1n air
to substantially remove the carbon by combustion and
provide a porous BZY ceramic disk.

To prepare a porous Ni1O/BZY substrate, a powdered
mixture ol about 35 grams of BZY, about 65 grams of Ni1O,
about 11 grams of carbon lampblack, and about 2 grams of
binder (PVA) was ball-milled 1n 1sopropyl alcohol (about
100 mL) using zirconia medium (about 200 grams, about 5
mm particle size). After milling for about 12 hours, the
1sopropyl alcohol was evaporated, and then the resulting
dried powder was sieved (200 mesh sieve size, equivalent to
about 74 um particle size). The sieved powder was uniaxi-
ally pressed into a disk and partially sintered for about 5
hours at about 950° C. 1n arr.

Example 3. Electrolyte Film Fabrication

A thin film electrolyte was fabricated using a colloidal
dip-coating process. The colloidal dip-coating process used
colloids of BZY, BZPY, and BCY, which were prepared by
dispersing about 2 to 4 g of BCY powder in 100 mL of
1sopropanol.

To fabricate the layered BCY-BZY film, the BZY {ilm was
first deposited by dipping the partially-sintered porous sub-
strate 1to a BZY colloid (about 3 ¢ BZY 1n 100 mL of
isopropanol), and the dipped substrate was then dried to
remove 1sopropanol. The dipping and drying steps were
repeated to obtain the desired thickness (about 5 to 6 um) of
the BZY, after which the BZY-coated substrate was dipped
into a BCY colloid (about 3 g BCY 1 100 mL of 1sopro-
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panol) to deposit a BCY coating on top of the BZY. The
dipping and drying steps were repeated to obtain the desired

thickness (about 5 to 6 um) of the BCY. The resulting
BZY/BCY-coated substrate was then dried and sintered 1n
ambient air at temperature of 1400° C. for 5 hours using
heating and cooling rates of 180° C./hour.

Alayered BCY-BZPY film was made by a process similar
to that used for the layered BCY-BZY film, substituting
BZPY 1n place of the BZY. Sintering of the layered BCY-
BZPY film was performed at 1350° C. for 10 hours 1in
ambient air.

FIG. 2 shows scanning electron microscope (“SEM™)
micrographs of a BCY-BZY composite film sintered at
1400° C. for 5 hours 1n air. The film was prepared using the
colloidal dip-coating process described above. To fabricate
the composite {ilm, a “green” (1.e., unsintered) BZY film was
first made by dipping a porous N1O/BZY anode substrate
into a BZY colloid. After removing the solvent from the
resulting green BZY layer, the substrate was dipped nto a
BCY colloid to form a green BCY coating on top of the BZY.
The green multi-layer film was then sintered to form dense
BZY and BCY films. An SEM micrograph of the fracture
surface (FIG. 2, Panel A) shows a composite film that 1s
about 12 um thlck with a dense BCY layer (about 6 um
thick) at the top of the film and a BZY layer (about 6 um
thick) with some 1solated pores between the BCY layer and
the porous anode substrate. The SEM micrograph of the
BCY surtace (FIG. 2, Panel B) verifies that the BCY 1s a
dense film with relatively well-defined grain boundaries.

FIG. 3 shows SEM micrographs of a BCY-BZPY com-
posite film sintered at 1350° C. for 10 hours in air. The film
was prepared using a conventional colloidal dip-coating
process. To fabricate the composite film, a “green” (1.e.,
unsintered) BZPY {film was first made by dipping a porous
N1O/BZY substrate into a BZPY colloid. After removing the
solvent from the resulting green BZPY layer, the substrate
was dipped mnto a BCY colloid to form a green BCY coating,
on top of the BZY. The green multi-layer film was then
sintered to form dense BZPY and BCY films. An SEM
micrograph of the fracture surface (FIG. 3, Panel A) shows
a composite film that 1s about 9 um thick, with a dense BCY
layer (about 5 um thick) at the top of the film and a BZPY
layer (about 4 um thick) with some 1solated pores between
the BCY layer and the porous anode substrate. The SEM
micrograph of the BCY surface (FIG. 3, Panel B) verifies
that the BCY 1s a dense film with relatively well-defined
grain boundaries.

For comparison, FIG. 4 provides a scanning electron
micrograph of a BZY {fracture film on a porous NiO/BZY
substrate. The film was prepared as described above, but
without the BCY coating steps, and then sintered at 1500° C.
for 5 hours 1n air (compare to the dense BCY/BZY com-
posite film that was sintered at 1400° C. i FIG. 2). FIG. 5
provides a scanning electron micrograph of a BZPY {fracture
film on a porous BZY substrate; The film was prepared as
described above, but without the BCY coating steps, and
then sintered at 1350° C. for 5 hours 1n air. (compare to the

dense BCY/BZPY composite film i FIG. 3).

Example 4. Chemical Stability of BZY

The chemical stability of a BZY matenial (BaZr, .Y, ,0;)
and two simulated interfacial BCZY  matenals

(BaCe, -Z1, Y, ,0; and BaCe, -Zr, 1Y, ,O;) toward pro-
longed exposure (100 hours at 500° C.) to a moist simulated
shale gas (1% CO,, 4% C,Hg, 15% C,H,, 80% CH,) were
assessed by X-ray powder diffraction.
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FIG. 6 A provides an X-ray powder diflraction spectrum of
BaZr, .Y, .0, (BZY). FIG. 6B provides an X-ray powder

diffraction spectrum of the BaZr,.Y,.0O, (BZY) after
expose to moist shale gas (1% CO,, 4% C H,, 15% C,H.,,
80% CH,) at 500° C. for about 100 hours. A comparison of
FIG. 6A to FIG. 6B indicates that the BaZr, .Y, ,O; was
stable under these conditions, as evidenced by the close
similarity of the two spectra and the near absence of peaks
due to BaCO, 1n the gas-exposed matenal.

FIG. 7A provides an X-ray powder diflraction spectrum of
BaCe, -Zr, Y, .05 (BCZY-1). FIG. 7B provides an X-ray
powder diffraction spectrum of BaCe, ,Zr, Y, ,O; exposed
to moist shale gas (1% CO,, 4% C H,, 15% C,H., 80%
CH,) at 500° C. for about 100 hours. A comparison of FIG.
7A to FIG. 7B indicates that the BaCe, ,Zr, ; Y, ,O; decom-
posed under these conditions, as evidenced by the nearly
complete loss of peaks due to BCZY and the appearance of
peaks due to BaCO; 1n the gas-exposed material.

FIG. 8A provides an X-ray powder diffraction spectrum of
BaCe, 71, .Y, ,0, (BCZY-2). FIG. 8B provides an X-ray
powder diffraction spectrum of BaCe, Zr, Y, ,O; exposed
to moist shale gas (1% CO,, 4% C H,, 15% C,H., 80%
CH,) at 500° C. for about 100 hours. A comparison of FIG.
8A to FIG. 8B 1ndicates that the BaCe, .Zr, ;Y ,O, decom-
posed under these conditions, as evidenced by the nearly
complete loss of peaks due to BCZY and the appearance of
peaks due to BaCO; 1n the gas-exposed material.

Based on this stability information, the presence of a
stable dense layer of BZY on the anode side of the electro-
lyte appears to shield the iterfacial layer and the BCY layer
of the multilayered electrolytes described herein from expo-
sure to the moist hydrocarbon gas while still allowing proton
transport through the dense layers. FIGS. 7B and 8B show
the decomposition 1.e., mstability of BCZY of two diflerent
compositions exposed to shale gas. FIG. 6B shows the
stability of BZY exposed to shale gas. BCY layer 1s put on
top of BZY layer. As you see 1n FIG. 6B, BZY 1s stable when
exposed to shale gas and BZY layer prevents the BCY layer
contacting/seeing shale gas during operation of fuel cell.

Example 5. Fuel Cell Evaluation

A fuel cell incorporating an anode electrolyte assembly
comprising a BZY/BCY multilayer electrolyte (about 18 um
thick) on a porous BZY-N1 anode and a platinum cathode
was evaluated at about 600° C. using hydrogen as fuel and
air as oxidant gas. The cell voltage vs. current density plot
(downward-sloped curve) and power density vs. current
density plot (parabolic-shaped curve) for the cell are shown
in FIG. 9, documenting the performance of the fuel cell. A
maximum power density of 0.105 W/cm” was obtained at a
current density of about 0.26 A/cm®. The corresponding cell
voltage for that current density was about 0.42 V. A cross-
sectional fracture surface SEM photo of the tuel cell, after
operation, 1s shown 1n FIG. 10, and shows that the electro-
lyte maintained 1ts dense structure during operation of the
cell.

The use of the terms and “an” and “the” and similar
referents 1n the context of describing the mvention (espe-
cially i the context of the following claims) are to be
construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by con-
text. The terms “comprising,” “having,” “including,” and
“containing’” are to be construed as open-ended terms (i.e.,
meaning “including, but not limited to,”) unless otherwise
noted. Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring indi-

14 3‘3‘
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vidually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value 1s
incorporated 1nto the specification as 11 1t were imndividually
recited herein. All methods described herein can be per-
formed 1n any suitable order unless otherwise indicated
herein or otherwise clearly contradicted by context. The use
of any and all examples, or exemplary language (e.g., “such
as’’) provided herein, 1s intended merely to better 1lluminate
the invention and does not pose a limitation on the scope of
the mnvention unless otherwise claimed. No language in the
specification should be construed as indicating any non-
claimed element as essential to the practice of the invention.

Preferred embodiments of this invention are described
herein, including the best mode known to the inventors for
carrying out the invention. Vanations of those preferred
embodiments may become apparent to those of ordinary
skill 1n the art upon reading the foregoing description. The
inventors expect skilled artisans to employ such variations
as appropriate, and the inventors intend for the invention to
be practiced otherwise than as specifically described herein.
Accordingly, this mnvention includes all modifications and
equivalents of the subject matter recited in the claims
appended hereto as permitted by applicable law. Moreover,
any combination of the above-described elements 1n all
possible variations thereof 1s encompassed by the invention
unless otherwise indicated herein or otherwise clearly con-
tradicted by context.

The embodiments of the invention 1n which an exclusive
property or privilege 1s claimed are defined as follows:

1. A multilayer anode/electrolyte assembly comprising a
porous ceramic anode substrate comprising an electrically
conductive material selected from a metal, a metal oxide,
and combination thereof, dispersed 1 a porous ceramic
matrix; and a layered solid electrolyte comprising:

(a) a first dense layer having an 1inner surface and an outer
surface, the first dense layer comprising yttrium-doped
bartum zirconate (BZY) and optionally, another metal
ion besides barium, zirconium, and yttrium, wherein
the inner surface of the first dense layer 1s in contact
with a surface of the substrate;

(b) a second dense layer comprising vyttrium-doped
bartum cerate (BCY); and

(c) an interfacial layer between and 1n contact with the
outer surface of the first dense layer and a surface of the
second dense layer, the interfacial layer comprising a
solid solution of the BZY and the BCY;

wherein the first dense layer and the interfacial layer
prevent contact between the second dense layer and the
porous anode substrate.

2. The multilayer anode/electrolyte assembly of claim 1,
wherein the first dense layer comprises a praseodymium-
containing yttrium-doped bartum zirconate (BZPY).

3. The multilayer anode/electrolyte assembly of claim 1,
wherein the electrically conductive material comprises Ni,
N10O, or a combination thereof, which 1s dispersed in the
pOrous ceramic matrix.

4. The multilayer anode/electrolyte assembly of claim 1,
wherein the anode substrate comprises porous yitrium-
doped barium zirconate with N1O dispersed therein (N1O-
BZY).

5. The multilayer anode/electrolyte assembly of claim 1,
wherein the first dense layer has a thickness in the range of
about 0.1 micrometers (“um”) to about 20 um.

6. The multilayer anode/electrolyte assembly of claim 1,
wherein the second dense layer has a thickness in the range
of about 0.1 um to about 20 um.
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7. The multilayer anode/electrolyte assembly of claim 1,
wherein the anode substrate has an average pore size in the
range of about 0.2 um to about 5 um as determined by
scanning electron microscopy (“SEM™).

8. The multilayer anode/electrolyte assembly of claim 1,
wherein the anode substrate has a porosity 1n the range of
about 10% to about 40% as determined by SEM.

9. A multilayer anode/electrolyte assembly comprising a
porous N10O-BZY anode substrate; and a layered solid elec-
trolyte comprising:

(a) a first dense layer having an inner surface and an outer
surface, the first dense layer comprising yttrium-doped
bartum zirconate (BZY), wherein the mnner surface of
the first dense layer 1s 1n contact with a surface of the
substrate;

(b) a second dense layer comprising vyttrium-doped
barum cerate (BCY); and

(¢c) an interfacial layer between and in contact with the
outer surface of the first dense layer and a surface of the

second dense layer, the interfacial layer comprising a
solid solution of the BZY of the first dense layer and the
BCY;

wherein the first dense layer and the interfacial layer
prevent direct contact between the second dense layer
and the porous anode substrate.

10. The multilayer anode/electrolyte assembly of claim 9,
wherein the first dense layer, second dense layer, and inter-
facial layer together have a combined thickness in the range
of about 0.2 um to about 40 um.

11. The multilayer anode/electrolyte assembly of claim 9,
wherein the first dense layer has a thickness in the range of
about 0.1 um to about 20 um.

12. The multilayer anode/electrolyte assembly of claim 9,
wherein the second dense layer has a thickness in the range
of about 0.1 um to about 20 um.

13. The multilayer anode/electrolyte assembly of claim 9,
wherein the substrate has an average pore size in the range
of about 0.2 um to about 5 um as determined by SEM, and
a porosity in the range of about 10% to about 40% as
determined by SEM.

14. A multilayer anode/electrolyte assembly comprising a
porous N10O-BZY anode substrate; and a layered solid elec-
trolyte comprising:

(a) a first dense layer having an iner surface and an outer
surface, the first dense layer comprising praseo-
dymium-containing yttrium-doped barium zirconate
(BZPY), wherein the mner surface of the first dense
layer 1s 1n contact with a surface of the substrate;

(b) a second dense layer comprising yttrium-doped
bartum cerate (BCY); and

(c) an iterfacial layer between and in contact with the
outer surface of the first dense layer and a surface of the
second dense layer, the interfacial layer comprising a
solid solution of the BZPY and the BCY; wherein the
first dense layer and the interfacial layer prevent direct
contact between the second dense layer and the porous
anode substrate.

15. The multilayer anode/electrolyte assembly of claim
14, wherein the first dense layer, second dense layer, and
interfacial layer together have a combined thickness 1n the
range of about 0.2 um to about 40 um.

16. The multilayer anode/electrolyte assembly of claim
14, wherein the first dense layer has a thickness in the range
of about 0.1 um to about 20 um.

17. The multilayer anode/electrolyte assembly of claim
14, wherein the second dense layer has a thickness 1n the
range of about 0.1 um to about 20 um.
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18. The multilayer anode/electrolyte assembly of claim
14, wherein the substrate layer has an average pore size 1n
the range of about 0.2 um to about 5 um as determined by
SEM, and a porosity in the range of about 10% to about 40%
as determined by SEM.

19. A fuel cell comprising a porous cathode contacting the
second dense layer of the multilayer anode/electrolyte
assembly of claam 1, wherein gaseous fuel comprising
hydrogen, a hydrocarbon, or a combination thereof contacts
the porous anode substrate of the assembly, a gaseous
oxygen source contacts the porous cathode, and the fuel cell
1s maintained at a temperature in the range of about 400 to

600° C.
20. The fuel cell of claim 19, wherein a majority of the

10

gaseous fuel comprises hydrogen, methane or a combination 15

thereof.

14
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